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Initiation and regulation of transcription by RNA polymerase
II (RNAPII) in eukaryotes rely on the transcriptional regulatory
elements. Promoters and enhancers share similar architectures
and functions, and the prevailing view is that they can initiate
bidirectional transcription. We summarize functional roles of
enhancer transcription and possible mechanisms in enhancer–
promoter communication. We discuss the potential roles of
enhancer RNAs (eRNAs) in early elongation and highlight that
transcriptional enhancers might modulate the release of paused
RNAPII via 3D chromatin looping. Emerging evidence suggests
that transcriptional enhancers regulate the promoter-proximal
pausing of RNAPII, a key rate-limiting step required for produc-
tive elongation.

Mammalian promoters are predominantly bidirectional

Early biochemical studies defined the classical promoter as a
DNA region required for the accurate initiation of gene expres-
sion (1). In yeast, most promoters contain at least one or several
components needed for gene activation: an initiator element, a
TATA box, and a downstream core promoter (2). Together,
these elements ensure the precise assembly of the basal tran-
scription machinery. Accordingly, the minimal DNA region
surrounding the transcription start site (TSS)3 necessary for
initiating transcription of a gene is called the core promoter.
Before the genomic era, the terms promoter, core promoter,
and TSS were used interchangeably, particularly to describe in

vitro transcription initiation (3) and the unidirectional tran-
scription of protein-coding genes.

Recent genomic studies have unexpectedly found that more
than 60% of the human genome is transcribed, but less than 2%
of that transcription originates from coding genes (4, 5). Some
of this noncoding transcription can be accounted for by bidi-
rectional transcription taking place near coding genes. It is
now recognized that in mammals, the TSSs of genes encoding
mRNA frequently generate a pair of oppositely oriented tran-
scripts originating near the same region (6, 7). The unstable,
noncoding transcripts originating upstream of the promoter
are called promoter upstream transcripts, or PROMPTs (8–13).
The paired, bidirectional transcripts are most often generated
from genomically accessible regions that display DNase I
hypersensitivity. These DNase I hypersensitive sites (DHSs) are
typically depleted of nucleosomes, the fundamental subunit of
chromatin, resulting in nucleosome-depleted regions (NDRs)
or nucleosome-free regions (NFRs). Bidirectional transcripts
from mammalian genomes typically originate from either end
of an NDR but are not scattered throughout the NDR (7, 9, 13,
14). This led to a new understanding of mammalian promoters
as NDRs that support bidirectional transcription initiated from
two oppositely oriented core promoters (3, 15). Either side of
the core promoter can facilitate the assembly of RNA polymer-
ase II preinitiation complexes (PICs) (Fig. 1, upper panel).

The pervasiveness of bidirectional promoters in mammalian
systems raises several crucial questions. Are there distinct bio-
logical functions for bidirectional promoters in contrast to uni-
directional promoters? What are the specific and common fea-
tures of bidirectional promoters compared with unidirectional
promoters? Do certain classes of bidirectional promoters and
their modularity have specific functional properties in terms of
DNA sequence consensus and the general transcription factors
that bind to them? For example, it will be important to deter-
mine the bidirectional modular differences, if any, between
active promoter modules of SAGA and TFIID-dependent
genes. TATA-binding protein (TBP) preferentially binds
“TATA-less” promoters when it is part of the multisubunit
TFIID complex (16), whereas the SAGA complex directs TBP
to promoters with obvious TATA sequences when TBP is
absent from the TFIID complex (17–19). In yeast, “TATA-less”
promoters predominate (about 80 –90% of all genes), and are
more prevalent among ubiquitously expressed “housekeeping”
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genes (20 –22). In contrast, obvious TATA boxes are present at
only some promoters that switch between repressed and highly
active states, a phenomenon seen in many “developmental
genes” (23). Chromatin immunoprecipitation combined with
exonuclease digestion (ChIP-exo) was used to map the sites
engaged by PICs at high resolution in Saccharomyces cerevisiae
(16). This study revealed that two distinct modes of mRNA
transcription initiation may exist, depending upon the relation-
ship to the �1 nucleosome near promoters. The first nucleo-
some in the transcribed region often blocks access to promoters
containing obvious TATA boxes. Such promoters may then
depend on the SAGA complex to facilitate nucleosome removal

for the efficient binding of TBP, RNAPII, and its associated
factors. In contrast, in TFIID-dependent promoters, the �1
nucleosome is located downstream of the TSSs. In this case,
TBP-associated factors form TFIID with TBP, and interact with
DNA sequences downstream of a noncanonical, TATA-like
consensus sequence that differs from a TATA box by two or
more bases (16). Despite these findings, more recent studies
argue against distinct classes of SAGA- and TFIID-dependent
genes (24, 25). Warfield et al. (25) found that nearly all yeast-
coding genes strongly depend on TFIID at both TATA and
TATA-less promoters. SAGA complexes were found at the reg-
ulatory regions of both SAGA- and TFIID-dominated genes

Figure 1. Features of bidirectionally transcribed promoters and enhancers and their associated chromatin modification states. Both active promoters
and distal enhancers are divergently transcribed. Core promoters within flanking nucleosomes recruit independent PICs formed by general transcription
factors (GTFs) and RNAPII to initiate transcription in the sense and antisense direction. TFs facilitate the recruitment of PICs for transcription initiation.
Transcription progresses from the initiation sites at core promoters and pauses at the boundary of the NDR. Bivalent promoters are normally associated with
both activating (H3K4me3) and repressing (H3K27me3) epigenetic histone modifications, whereas H3K4me3 is highly enriched at active promoter regions. In
contrast, silent/inactive promoters are marked by either short-term repressive histone modifications such as H3K9me3 and H3K27me3 or the long-term
silencing mark of CpG DNA. The proximal pausing of RNAPII contributes to the productive elongation of both sense mRNA transcripts and upstream antisense
transcripts (e.g. PROMPTs). Transcription at active enhancer regions is more prominently bidirectional, although the resulting eRNAs usually exhibit lower
expression levels than mRNAs. Unlike mRNAs, eRNAs are subject to exosome-dependent degradation and therefore are short and unstable. Poised enhancers
are bound by co-activators and are associated with H3K27me3 but not H3K27ac, whereas active enhancers are marked with H3K4me1 and H3K27ac and are
bound by both TFs and co-activators. By contrast, primed enhancers are associated with H3K4me1 but not H3K27ac. In general, high levels of H3K27ac mark
functionally active enhancers, whereas poised or inactive enhancers are flanked by nucleosomes marked with H3K27me3. Although not shown here,
H3K36me3 and H3K79me2/3 at promoters and enhancers marked by H3K79me2/3 have also been observed. Pol II, polymerase II.
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(24), consistent with a role for SAGA as a general cofactor that
works with TFIID at most coding genes. These findings sug-
gest that the previously observed differences in regulation
between SAGA- and TFIID-dependent genes are due to other
properties (25). It is currently unclear whether these promoters
have distinct features regulating their bidirectional transcrip-
tion, and whether their associated bidirectional modularity has
any biological/pathological significance during development. It
also remains elusive how bidirectional promoters of highly
paused and productively elongating genes are regulated, and
how different types of promoters communicate with other
types of regulatory DNA elements like enhancers. The under-
lying basis driving mammalian promoters to act bidirectionally
or unidirectionally in key biological processes is not clear.

Enhancers as cis-regulatory DNA elements in gene
activation

Enhancers are distal sequences that lie upstream or down-
stream of the core promoter, and can activate or regulate the
level of transcriptional initiation by recruiting transcription
factors necessary for PIC assembly at the core promoter (Fig. 1)
(26 –28). In yeast, upstream-activating sequences, also known
as enhancer-like sequences, are required for transcription, and
are typically positioned much closer to the core promoter (2,
29). Enhancers act independently of their orientation, and their
genomic location is believed to be responsible for the accurate
surveillance of spatiotemporal transcription patterns during
development and/or in different cell types. For example, the
first mammalian enhancer was discovered downstream of the
immunoglobulin (Ig) heavy-chain gene, which is necessary for
the proper expression of Ig, and only exhibits enhancer activity
in lymphocyte-derived cell lines and during B lymphocyte dif-
ferentiation (30, 31).

Enhancers help recruit RNAPII to promoters and can attract
various chromatin-modifying enzymes to DNA to establish
and/or maintain an active chromatin conformation via PICs
(32). Enhancers can also recruit pioneer factors and lineage-
specific transcription factors (TFs) as early as the ESC stage
(17–22, 33). Promoters, on the other hand, are less likely to be
occupied by developmentally important and lineage-specific
TFs (34). Notably, enhancers are frequently marked with
H3K4me1 and H3K27ac, but not H3K4me3, unless the
enhancer is highly transcribed (35–38). Accordingly, putative
enhancers are commonly annotated by comparing the ratio of
H3K4me1 to H3K4me3, the presence of H3K27ac, the replace-
ment of canonical histones with histone variants like H2A.Z,
the binding of co-factors such as CBP/p300, and the clustered
binding of multiple master TFs (20, 39 – 41). Enhancers can
work with both homologous and heterologous promoters to
increase the transcription of target genes, and can function inde-
pendently of their position and orientation. Displaying DNase I
hypersensitivity remains a primary criterion for identifying
enhancers in mammalian genomes.

Enhancers and promoters share interchangeable
properties

As early as 3 decades ago, researchers reported commonali-
ties between promoters and enhancers. For example, when a

tandem 72-bp repeat from SV40 polyomavirus was inserted
into a plasmid lacking a promoter, this element–the first dis-
covered enhancer–initiated a low level of transcription, indi-
cating that it can recruit RNAPII through a promoter-like activ-
ity (23, 32). Later studies found that intragenic enhancers can
serve as alternative tissue-specific gene promoters, producing a
class of abundant, spliced, and multiexonic poly(A)� mRNAs
(42). Conversely, promoters also display enhancer-like func-
tions. When stimulated by metal ion, an introduced mouse
metallothionein I (Mt1) gene promoter acted as an enhancer by
increasing the transcription of an upstream rabbit �-globin
gene (43). In addition, recent genome-wide analysis using
chromatin interaction analysis with paired-end–tag sequenc-
ing (ChIA-PET) detected interactions between promoters of
different genes that typically resulted in gene co-expression.
These findings implied that promoters behaving like enhancers
may be common in transcriptional regulation (44). Notably,
most promoter–promoter and enhancer–promoter interac-
tions in mammalian genomes are restricted to megabase-sized
local chromatin interaction domains, termed topologically
associated domains (TADs) (45). However, Stunnenberg and
co-workers (46) identified another class of promoter–promoter
interactions, extremely long–range interactions, that result in
the dynamic restructuring of chromatin as mouse embryonic
stem cells (ESCs) shift between two states of pluripotency.
These extremely long–range interactions form during the
transition from the naive ground-state to the serum primed-
like state, and provide yet another example of a promoter
displaying enhancer-like function, this time to control the
spatiotemporal regulation of Hox and other developmentally
important genes.

It is evident that promoters and enhancers share many
common features including their local chromatin architec-
ture, their regulatory landscape, and their common mecha-
nisms to control bidirectional transcription (28). However,
promoters and their associated coding genes allow for the
robust transcription of stable, spliced, and polyadenylated
transcripts not seen in transcripts originating from enhanc-
ers. The majority of enhancer-templated RNAs (eRNAs) are
short, unstable, unspliced, unpolyadenylated, and noncod-
ing RNAs that are expressed at low levels (4, 5). The
sequences used to signal for polyadenylation and splicing are
absent in the transcribed enhancer regions, but are present
in the coding region. Therefore, eRNA instability appears to
be due to the lack of polyadenylation and early termination
sites, such that eRNAs from both strands are subject to exo-
some-mediated degradation (10, 47). At bidirectional pro-
moters, poly(A) sites (PASs) are enriched at the 3� end of
PROMPTs that lack 5� splice sites or U1 small nuclear ribo-
nucleoprotein recognition sites; consequently, these non-
coding transcripts are also subject to exosome-dependent
degradation. In contrast, coding transcripts contain 5� splice
sites that bind to the U1 splicing complex preventing PAS-
mediated early termination (48, 49). It remains unclear
whether the PAS-dependent mechanism mediates the deg-
radation of eRNAs.
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Functional enhancers transcribe eRNAs as an active
signature

Recent genome-wide studies have shown that RNA pol II
recruitment to active enhancers initiates widespread transcrip-
tion in mammalian genomes (50, 51). eRNAs were initially
thought to arise from transcriptional noise due to abundant
RNAPII activity, generating “nonspecific” transcripts in physi-
cally accessible genomic regions (52). This “nonspecific” tran-
scription model suggests that eRNAs may be a by-product of
random transcriptional activity at enhancer loci that are recog-
nized and degraded via either nonsense-mediated decay or the
exosome (53, 54). However, evidence for transcribed enhancers
in recent genome-wide studies argues that enhancer transcrip-
tion may be a regulated process that is specific to functionally
active enhancers, rather than a random process caused by
“background” RNAPII activity. For example, poised enhancers
that are bound by co-activators and marked with H3K27me3,
but not H3K27ac, lack transcriptional activity in mouse ESCs
(Fig. 1, lower panel). These poised enhancers have been pro-
posed to bookmark a limited number of regulatory elements in
mouse ESCs, and to be activated in a timely and lineage-specific
manner during differentiation (37, 55). By contrast, active
enhancers marked with H3K4me1 and H3K27ac are highly
transcribed, which also positively correlates with high mRNA
levels of linked protein-coding genes (36, 37, 55). In addition,
primed enhancers flanked by nucleosomes marked with H3K4me1,
but not H3K27ac, are associated with intermediately expressed
genes that are involved in a broad range of biological processes
(36, 55). Collectively, enhancer transcription appears to be a
regulated process that takes place only at functionally active
enhancers (34, 36, 37, 39, 47, 50, 56).

Enhancer transcription and enhancer–promoter
communication

Enhancers may use different but not mutually exclusive ways
to communicate with their corresponding promoters depend-
ing upon the physical distances between these cis-elements.
Possible models of communication include a linking model, a
tracking/facilitated tracking or scanning model, and a looping
model. In mouse ESCs, TADs contain most of the enhancer–
promoter interactions, which range from several kilobases to
�1 Mb, with a median length of 880 kb (57). In the linking
model, a number of TFs are recruited sequentially following the
binding of a first activator protein (such as pioneer TFs) that
induces an open chromatin state at a promoter-proximal
sequence during differentiation (58) (Fig. 2A). A chain of TFs
then progressively extends along the chromatin fiber from the
enhancer to the transcribed gene, and recruits the PIC to the
core promoter for transcription initiation. This linking model
may only apply to gene regulation between the proximal and
core promoter, because this cascade of recruitment may not
occur across very long distances.

In the tracking model, the enhancer-bound transcription
complexes, including active RNAPII, move toward the target
promoter in a unidirectional manner (Fig. 2B) (59). Sometimes
enhancer-bound proteins do not leave the enhancer, bringing
the enhancer to the promoter during facilitated tracking. This

results in progressive loop formation until the loop is stabilized
at the target promoter. A classical example for this model stems
from an �70-kb region containing five scattered DHS sites
within the human �-globin gene locus (60). This region con-
tains cis-regulatory sequences that confer position-indepen-
dent activation of linked genes. Such regulatory regions were
later named locus control regions (LCRs) (61). LCRs control the
expression of a linked gene in a tissue-specific, copy-number-
dependent manner. The key evidence for a tracking/facilitated
tracking occurring at the �-globin LCR is that transcriptional
activity extends across the �-globin LCR, its intervening
regions, and into the globin genes (62–64). Similarly, other
LCRs such as those that control activation of the human growth
hormone (hGH) gene and major histocompatibility complex
class II genes in their tissue-specific cell types have also shown
RNAPII recruitment and transcriptional activity (65, 66). In the
tracking model, the transcripts generated from the intervening
sequence between enhancers and promoters are proposed to be
passive products of active RNAPII ferried toward the target
promoters (56, 67). Therefore, the tracking model requires that
transcripts from both enhancers and intervening sequences be
unidirectional and transiently expressed. However, genome-
wide analyses have revealed that eRNA transcription at the
majority of enhancers is bidirectional within confined flanking
regions, and eRNA expression is often positively correlated
with the expression level of the target gene. Therefore, the
tracking model may not be a general mechanism in mammalian
genomes, but reflective of a limited number of cases, for exam-
ple, the regulation of different genes that must be expressed
simultaneously within the same gene cluster.

The looping model has been proposed to allow for direct
contact of promoters and enhancers over long distances. In this
model, the enhancer and promoter make contact by looping
out the intervening chromatin (Fig. 2, B and C). The resulting
chromatin loops are stabilized by protein–protein interactions.
A number of large proteins and protein complexes have been
proposed to bridge and direct physical contact between
enhancers and promoters, to facilitate both chromatin looping
and promoter-proximal pausing of RNAPII. These complexes
and proteins include chromatin-remodeling complexes, Medi-
ator, CCCTC-binding factor (CTCF), Cohesin, and many lin-
eage-determining transcription factors (68). eRNAs might also
physically participate in establishing or stabilizing enhancer–
promoter looping by interacting with either the Cohesin or
Mediator complexes (69 –71). It is not clear how boundary ele-
ments or insulators might restrict the action of enhancers on
target promoters. Thus, enhancer–promoter communication
is likely a complex and highly regulated process, involving
mechanisms from a combination of several working models
with different spatial, temporal, and physiological contexts.

Enhancer transcription and eRNAs in gene regulation

Although it is generally agreed that the act of enhancer tran-
scription may have an important biological function in gene
regulation, the role of the eRNAs themselves remains contro-
versial. The main debate lies in whether enhancer transcripts
have an active role in gene regulation or are merely the by-prod-
ucts of RNAPII transcription. Recruitment of RNAPII to chro-
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matin can itself lead to the formation of accessible genomic
regions by the “piggybacking” of histone-modifying enzymes
via the CTD of RNAPII (65, 72). This may enable RNAPII-
mediated transcription to induce active chromatin modifica-
tions, or to increase the levels of enhancer-specific histone
marks while altering the eRNA transcripts. However, this func-
tion of RNAPII does not preclude a direct role for eRNA tran-
scripts in transcriptional regulation.

Initial observations of genome-wide features of active en-
hancers revealed a number of stimulation-regulated eRNAs in
many different mammalian cell types, including neurons,
macrophages, and embryonic stem cells (70, 71, 73–75). Inter-

estingly, the levels of these eRNAs often correlate with the
expression levels of nearby protein-coding genes. It has been
proposed that eRNA synthesis is one of the earliest events rel-
ative to mRNA transcription in response to a variety of envi-
ronmental or developmental stimuli (51, 71, 76 –78). Impor-
tantly, a number of studies indicate that knockdown of eRNAs
results in a substantial down-regulation of their enhancer-tar-
geted genes, suggesting that eRNA transcripts might function
in transcriptional activation (70, 71, 74). eRNAs may also par-
ticipate in chromosomal looping by recruiting Cohesin or
Mediator to enhancer regions upon stimulation (70, 71, 79).
Support for this idea stems from the finding that a number

Figure 2. Proposed steps of enhancer–promoter interaction and promoter-proximal pausing of RNAPII. A, cognate binding of pioneer factors disrupts
the structure of closed, compact chromatin, together with chromatin-remodeling complexes, generating NFRs. NFRs then provide a platform for the replace-
ment or recruitment of additional TFs. Enhancer priming by pioneer factors occurs in advance of promoter activation. The open chromatin structure resulting
from enhancer priming enables the recruitment of large protein complexes to the NFRs of enhancer and promoter regions. A cascade of TF linking may occur
at promoter-proximal sequences until the core promoter is bound by the recruited TFs, which provide platforms for the recruitment of PICs and Mediator. B,
recruitment of large protein complexes, including the PIC and Mediator complexes occurs at the enhancer region and initiates bidirectional transcription from
the enhancer. The activated enhancer may interact with the promoter via tracking or looping or a combined facilitated-tracking mechanism. The recruitment
of PIC and Mediator at the promoter region may happen simultaneously with or after enhancer activation. These two situations lead to different models: 1)
promoter activation may be an independent event from enhancer activation, or 2) enhancers may recruit the general transcription machinery and transfer it
to the interacting promoter. C, enhancer–promoter interactions are mediated by RNAPII and the Mediator/Cohesin complex. The looped structure and RNAPII
recruitment to the promoter-proximal region are associated with RNAPII pausing. RNAPII initiates transcription and progresses to the pause sites at nucleo-
somes flanking the promoter. Release of paused RNAPII results in divergent transcription elongation, which occurs at either the commencement of looping or
thereafter. Although not shown, phosphorylation of Ser-5 in the RNAPII CTD promotes transcription initiation. In addition, subsequent to RNAPII progression
to pause sites, several pausing factors, including NELF and 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor, contribute to the
stabilization of RNAPII pausing. D, promoter-proximal pausing of RNAPII is a rate-limiting step for productive transcriptional elongation. During signaling
convergence, co-activators such as BRG4 are recruited by the TFs, resulting in the binding of elongation factors like the super-elongation complex (SEC) and
Mediator. P-TEFb phosphorylates pausing factors and the CTD of RNAPII, leading to the release of paused RNAPII. Some eRNAs may facilitate the stable
formation of enhancer–promoter looping through interaction with the Mediator and Cohesin complex and may also facilitate the transient release of NELF,
leading to RNAPII pause release and stepping into a phase of productive elongation.
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of long-noncoding RNAs (lncRNAs), including HOTTIP,
CCAT1-L, and LUNAR1, activate their corresponding genes by
interacting with their own protein partners that participate in
chromosomal looping (80 –82). It is noteworthy that a substan-
tial number of lncRNAs are eRNAs. A recent study analyzed
functional lncRNAs from the ENCODE project, and identified
that 28% of annotated lncRNAs (2,695 of 9,505) overlapped
with PreSTIGE database-predicted cell-type–specific enhanc-
ers (83), suggesting a subset of eRNAs may be subcategorized as
lnc-eRNAs with the potential to interact with distinct proteins
involved in chromosomal looping (84). However, a primary dif-
ference between eRNA and lncRNA is that lncRNA are stable
transcripts and eRNA are not. Some studies suggest eRNAs
have roles other than mediating enhancer–promoter looping.
These studies indicate that there is a substantial reduction of
eRNAs and correlated coding gene expression without signifi-
cant changes in DNA looping in distinct cell models, including
transcription from estrogen receptor– binding sites in MCF7
breast cancer cells and a depolarized neuron model (76, 77).
These studies raise the possibility that eRNAs may facilitate
RNAPII transcription by increasing chromatin accessibility, or
by participating in the process of releasing paused RNAPII
without changes in enhancer–promoter interactions (76, 77).

Emerging roles of eRNAs in promoter-proximal pausing
of RNAPII

A number of recent genome-wide studies have shown that
pausing of RNAPII in promoter-proximal regions is a common
regulatory step in the productive transcription of many impor-
tant genes responsive to a variety of developmental or environ-
mental stimuli (85, 86). The pause and release of RNAPII in
promoter-proximal DNA regions are essential regulatory steps
in early elongation (Fig. 2, C and D). A role for eRNAs in this
process has been suggested by Schaukowich et al. (77), who
reported that eRNA transcript-dependent regulation during
early transcriptional elongation provides a mechanism by
which eRNAs, in response to early neuronal induction, directly
bind to the NELF-E subunit of negative elongation factor
(NELF). NELF mediates RNAPII pausing, and thus facilitates
the efficient release of NELF from the target promoter (77). In
this activity-regulated neuronal model, transient release of
NELF, but not enhancer–promoter interactions or RNAPII
recruitment, was impaired by eRNA knockdown, suggesting
eRNA transcripts may act as “lure” molecules to facilitate NELF
release from paused RNAPII during early transcriptional elon-
gation (Fig. 2D).

Transcriptional elongation by RNAPII is a highly regulated
process that requires RNAPII pausing for efficient transcrip-
tion. The role of eRNAs in pausing and early elongation may
depend largely on different developmental or environmental
contexts. A recent study from Lai et al. (79) reported that Inte-
grator, a multisubunit complex associated with the CTD of
RNAPII, has a role in RNAPII pause and release, and is also
required for the biogenesis of eRNAs at enhancers and super-
enhancers. Super-enhancers are clusters of multiple transcrip-
tional enhancers in large domains, which often show high levels
of RNAPII occupancy and are highly transcribed (87–89). Inte-
grator binds to enhancers and super-enhancers in a tissue- and

temporal-specific manner. The catalytic subunit of Integrator
has a core RNA endonuclease activity that catalyzes the 3�-end
processing of eRNAs required for transcriptional termination
of eRNAs upon stimulation (79). Depletion of Integrator sub-
units reduces the signal-dependent induction of eRNA tran-
scripts and abolishes the associated enhancer–promoter chro-
matin looping. Interestingly, Integrator depletion also results in
an accumulation of eRNA primary transcripts (unprocessed,
polyadenylated levels) that bind to transcribing RNAPII at
enhancers and super-enhancers upon epidermal growth factor
induction, suggesting a possible role of eRNAs in early elonga-
tion at Integrator-regulated enhancers and super-enhancers.
Multiple eRNAs generated within the same super-enhancers
may act as single regulatory modules to control cell identity in
development and disease. Accordingly, chromatin looping and
promoter-proximal pausing of RNAPII provide a key platform
and a potential regulatory step for the convergence of various
signaling pathways during early elongation. Additional studies
will be required to fully define the functional and biological
significance of eRNAs, their in vivo inter-relationship with bidi-
rectional promoters and enhancer transcription, the associated
large protein complexes as mediators, and their structural and
functional roles in early transcriptional steps, including chro-
matin looping and promoter-proximal pausing of RNAPII.

It is noteworthy that there is no consensus regarding the
function of eRNA transcripts in transcriptional activation.
Furthermore, the mechanism underlying the strong correlation
between eRNA production and enhancer activity remains
unclear. Current studies reporting the functional significance
of eRNAs have relied on RNA interference (RNAi) to knock
down eRNA transcripts in different human cell lines. However,
RNAi approaches are not entirely suitable for these studies. The
majority of eRNAs are nuclear, and although RNAi works well
in the cytoplasm, it is not efficient in the nucleus (33). Instead,
using a polyadenylation signal to cause premature termination
might provide a more rigorous way to interrogate eRNA func-
tion (90, 91). Indeed, when a poly(A) cassette is inserted near
the TSS of an eRNA, it triggers premature transcription termi-
nation. A recent study used this approach to investigate how
truncation of the lncRNA encoded by Lockd influences tran-
scription of the adjacent Cdkn1b gene in an erythroid cell line
(91). They found that Lockd truncation, caused by the inserted
poly(A) signal, had no effect on Cdkn1b transcription, whereas
CRISPR–Cas9-mediated deletion of the Lockd locus signifi-
cantly reduced Cdkn1b expression, suggesting an enhancer-like
cis-acting mechanism. The eRNA generated from the enhanc-
er-like Lockd locus appeared to be a by-product of local tran-
scriptional activity. Likewise, both promoter deletions and
poly(A) cassette insertion into the Blustr lncRNA locus (for-
merly linc1319) substantially influenced the expression of the
nearby Sfmbt2 gene. This influence was dependent upon the
transcription and splicing of Blustr (90). Yet, not all lncRNAs
are likely to have such specific functions. In a separate study,
Lander and co-workers (90) systematically analyzed 12 lncRNA
loci in mouse ESCs using a genetic approach based on the clas-
sic cis-trans test. They found that five of the 12 lncRNAs signif-
icantly affected the expression of a neighboring gene in cis
(90). Notably, all five lncRNAs appeared to influence nearby
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gene expression via general processes associated with lncRNA
production, rather than a sequence-specific function of the
lncRNA transcripts. Therefore, more rigorous methods such as
the insertion of a poly(A) cassette, in addition to the RNAi
approaches, are required to further clarify the cis-trans regula-
tory roles of eRNA in transcriptional activation. Regardless, it is
fair to say that a consensus on the functional significance of
eRNAs is lacking, and the relationship between eRNA and
enhancer transcriptional activity remains unclear.
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