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Abstract
Long non-coding RNAs (ncRNAs) are emerging as important regulatory factors in mammalian
genomics. A number of reports within the last 2 years have identified thousands of actively
expressed long ncRNA transcripts with distinct properties. The long ncRNAs show differential
expression patterns and regulation in a w ide variety of cells and tissues, adding significant
complexity to the understanding of their biological role. Furthermore, genome-wide studies of
transcriptional enhancers based on chromatin modifications and enhancer binding proteins have
led to the identification of putative enhancers and provided insight into their tissue-specific
regulation of gene expression. In an exciting turn of events, new evidence is indicating that long
ncRNAs are associated with enhancer regions and that such non-coding transcription correlate
with the increased activity of the neighboring genes. Moreover, additional experiments suggest
that enhancer-function can be mediated through a transcribed long ncRNA and that this might be a
common function for long ncRNAs. Here, we review recent advances made both in the genome-
wide characterization of enhancers and in the identification of new classes of long ncRNAs, and
discuss the functional overlap of these two classes of regulatory elements.

Introduction
Long non-coding RNAs (ncRNAs) are RNA transcripts of more than 200 nucleotides that do
not encode proteins. Long ncRNAs have been implicated in the regulation of gene
expression, dosage compensation and imprinting [1,2]. The functional role of long ncRNAs
has long been underestimated, as protein-coding genes have taken center stage and been the
primary focus of most research. Recent large-scale genome-wide sequencing studies have
led to the conclusion that beyond the protein-coding genes, a large portion of the genome is
being transcribed [3–5]. There are a number of loci of the mammalian genome that act as
templates for the production of long ncRNAs. Indeed, the simplest classification of long
ncRNAs could be based on their loci of origin. On the basis of such denomination long
ncRNAs could be grouped into five separate categories: (1) transcripts that arise from the
antisense strand of protein-coding genes, (2) transcripts that represent the introns of protein-
coding genes, (3) transcripts that correspond to the promoters and/or 5′-untranslated or 3′-
untranslated regions of protein-coding genes, (4) Independent transcripts that initiate within
the protein-coding genes, and finally (5) transcripts originating from regions outside of
protein-coding genes [5,6,7•,8•,9••,10,11,12].

In this review, we will focus on long ncRNAs that are transcribed from independent loci
(category 5) of the mammalian genome. Moreover, we will discuss the genome-wide
identification and characterization of transcriptional enhancers and the emerging evidence
indicating that long ncRNAs are transcribed from and act as enhancers. Two classes of long
ncRNAs will be discussed; one transcribed bidirectionally from promoters at activity-
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regulated enhancers in mouse neuronal cells showing association with enhancers and
dynamic regulation termed enhancer-RNA (eRNAs) [13••], and the second, a set of long
ncRNAs with enhancer-like functions expressed from regions independent of protein-coding
genes [9••] called activating ncRNAs (ncRNA-a). Both examples suggest an active
connection between classically defined enhancers and transcribed functional long ncRNAs.

Co-expression of long ncRNAs and protein-coding genes suggests
regulatory functions

Recent advances in high throughput sequencing which have been combined with genome-
wide mapping of chromatin modification signatures have resulted in the identification of a
set of experimentally validated transcriptionally active long ncRNAs in multiple
experimental systems. Through such efforts thousands of long ncRNAs displaying tissue
specific expression have been identified [3,5,7•,8•,9••,11,13••,14]. Interestingly, while the
conservation of protein-coding genes across species is relatively high, long ncRNAs display
a lower degree of conservation [7•,8•,9••,15–17]. Multiple studies have been devoted to the
analysis of expression patterns of long ncRNAs and the possible correlation of such patterns
with the adjacent protein-coding genes.

In one such study identification of a subset of conserved long ncRNA transcripts in mouse
brain and correlation of their expression levels and the neighboring protein-coding genes has
been used to substantiate their functional importance [14]. Their analysis of sequencing data
from mouse has identified 3122 putative long ncRNA transcripts encoded in between
annotated protein-coding genes that exhibit evolutionary constraint. A subset of these long
ncRNA transcripts (659) showed considerable evolutionary constraint and are expressed in
the brain during development. This particular subset of long ncR NA is co-expressed with
nearby genes encoding proteins that function in transcriptional regulation and nervous
system development suggesting a cis mechanism of regulation by long ncRNAs [15].

Similar correlations have been observed during the differentiation of human primary
keratinocytes [9••]. Induced changes in long ncRNA expression tend to be in loci associated
with keratinocyte differentiation. In addition, a correlation between the expression levels of
long ncRNAs and their neighboring genes has been reported for activity-regulated neuronal
enhancers in mouse [13••]. However, although co-regulated expression of non-coding
transcripts and their neighboring protein-coding genes have been reported in mammalian
cells [18], such data have been interpreted to suggest that the act of transcription through the
non-coding locus rather than the transcript itself was the determining factor for the induction
of the protein-coding genes. Overall, most genome-wide studies suggest a positive
correlation between the expression of ncRNAs and the protein-coding genes surrounding
them, which is in contrast to repressive effects described for ncRNAs involved in epigenetic
silencing.

Genome-wide definition of enhancers
Enhancers are classically defined by their ability to potentiate transcription at a distance in a
cis regulatory fashion and by their orientation independence with respect to the regulated
gene [19]. Recent genome-wide analyses of chromatin modifications have suggested that
enhancers and promoters may be distinguished from each other by their respective
chromatin signatures [3,20]. While promoters can be identified by H3K4me2 and
H3K4me3, enhancers can often be characterized by binding of the protein p300 and the
presence of H3K4me1 and H3K4me2 marks, along with DNaseI hypersensitive sites [13••,
21,22••,23,24]. Furthermore, RNA polymerase II (RNAPII) is reported to be associated with
many predicted enhancers [13••,28•]. A recent study also identified Cohe-sin and Mediator
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as essential factors for the activity of enhancers regulating embryonic stem cell specific gene
expression [25•]. Interestingly, such chromatin signatures of promoters and enhancers are
overlapping to a great extent. Both promoters and enhancers display transcriptional co-
activator occupancy such as p300/CBP binding as well as RNAPII, Mediator and cohesin
occupancy. Indeed, it is tempting to speculate that many of the enhancer sites identified
using such chromatin-modification and transcription factor-binding profiles may indeed
correspond to the promoters of long ncRNAs (Figure 1).

While the chromatin state at promoters if reported to be largely invariant across diverse cell
types, enhancers are reported to be associated with chromatin marks in a highly cell-type
specific manner [22••]. More than 55,000 enhancers have been predicted in human cell lines,
many of which are correlated with cell-type specific gene expression [22••]. Further
evidence for the vast abundance of enhancers in mammalian genomes are provided by
chromatin-immunoprecipitation with p300 and deep sequencing from mouse embryonic
forebrain, midbrain and limb tissue [24]. Many of the enhancers identified are validated for
tissue specific enhancer activity associated with tissue specific p300 binding. Interestingly,
since long ncRNAs display an exquisite pattern of tissue expression, it is likely that the p300
occupancy and the chromatin signatures of their promoters may also display a tissue-specific
and cell type-specific pattern of histone modifications. Therefore, it would be a provocative
finding if the enhancer binding sites displaying cell type-specific and/or tissue-specific
pattern of expression may turn out to be promoters of non-coding transcripts that are
expressed in a temporal and cell-specific manner.

Although recent studies have detected some sequence conservation across species for a
subset of the identified enhancers, strict conservation does not seem to be functionally
crucial for enhancers in general [3,22••,26,27]. Enhancers are defined operationally as DNA
elements that positively regulate transcription of their target genes from long distances and
are likely to be composed of different functionally distinct classes. Therefore, although
common characteristics of the genome-wide enhancer finding strategies such as the presence
of H3K4me1 and especially p300 are strongly suggestive of enhancers, it is not clear
whether all or only a subset of enhancers can be identified by such criteria.

Enhancers are transcribed and long ncRNAs act as enhancers
Several enhancer regions with associated RNAPII binding show evidence of transcription of
long ncRNAs [13••,28•]. This association, along with binding of p300 and H3K4me1 marks
at many enhancers has been applied in a study on neuronal activity-regulated enhancers in
mouse [13••]. p300 binding sites with juxtaposed H3K4me1 domains of 2–4 kb were
defined as enhancer domains and observed to bind transcription factors known to mediate
activity-regulated gene expression, such as CREB, SRF and NPAS4. Transcription of non-
polyadenylated long ncRNA was detected from 2000 of the predicted activity-regulated
enhancers following membrane depolarization, extending in both directions from the CBP
binding sites presumably from a shared bidirectional promoter. Transcription of an enhancer
RNA (eRNA) derived from enhancer elements close to the Arc promoter was shown to be
dependent on the presence of the Arc promoter. When the promoter was removed in a
transgenic mouse, the eRNA was no longer transcribed, suggesting that such eRNA
transcripts require an active promoter of its target gene. In contrast, the long ncRNAs arising
from the HS2 enhancer of the beta-globin locus control region [29] have been shown to be
transcribed independently and in the absence of the promoter they regulate [30]. Although
such transcripts have not been implicated in the enhancer function thus far, these data are
suggestive of an important role in transcriptional activation for such enhancer-derived
transcripts.
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Transcription from the Dlx-5/6 ultraconserved region has been shown to result in the
expression of the long ncRNAs Evf-1 [31–33] and Evf-2 [34] in mouse. Evf-1 is a 3.8 kb
developmentally regulated long ncRNA identified as a downstream target of Sonic
hedgehog signaling [33]. Evf-1 is transcribed from an ultraconserved region overlapping
with an intergenic enhancer upstream of the Dlx-6 gene. The Evf-2 long ncRNA is an
alternatively spliced form of Evf-1, shown to cooperate with the home-odomain protein
Dlx-2 to increase the transcriptional activity of the Dlx-5/6 enhancer [34], suggesting a
transacting enhancer activity of the long ncRNA Evf-2. The RNA dependency of the
enhancing effect is demonstrated by single-stranded sense RNA that is inhibited by the
presence of anti-sense RNA. Furthermore, knockdown of Evf-2 with siRNAs inhibits the
transcriptional enhancing activity in a dose-dependent manner. Another example of an
activating long ncRNA is the LINoCR (LPS inducible ncRNA) identified in chicken cells.
The transcription elongation of LINoCR from an enhancer region through a negative
regulatory element has been shown to be required for the switching of a cis-regulatory
region from a repressive to an active conformation [35].

Long ncRNAs with enhancer-like functions have been demonstrated in several human cell
lines [9••]. In a recent report, we used the GENCODE annotation of the human genome [36]
to identify long ncRNAs transcribed from regions residing outside of protein-coding loci
[9••]. Using siRNA-mediated knock-down of individual ncRNA-acti-vating (ncRNA-a)
transcripts, we demonstrated that long ncRNA-a transcripts increased expression of specific
genes in their immediate surroundings. This effect was demonstrated to be RNA dependent,
as knock-down of the ncRNA-a transcripts abolished the enhancing activity observed, both
in vivo and in reporter assays [9••]. A similar effect of RNA dependent positive regulation
of gene expression was observed in X-inactivation, where the Jpx long ncRNA was reported
to induce Xist on the inactive X-chromosome [37•].

Expression of TAL1 is shown to be enhanced by ncRNA-a3 in human cells [9••]. Studies in
the mouse have identified an enhancer element mapping to genomic region syngenic to the
ncRNA-a3 locus in human [38]. Interestingly, this locus in mouse displays evidence of
transcription of what could be the mouse homologue of ncRNA-a3. More detailed
examination of the TAL1 locus in human has revealed a complex pattern of predicted
promoters, insulators and enhancers based on chromatin signatures, supporting the findings
in mice [39•].

The future of enhancers and RNA
The fact that transcripts arise from enhancers has been known for many years [40].
However, a number of recent genome-wide analyses of enhancers and their targets have
begun to paint a picture suggesting that for many enhancers their transcribed RNAs are
functional and are the mediators of the enhancing activity. Many enhancers and long
ncRNAs share common characteristics in their tissue-specific expression and modest
conservation rate across species [7•,8•,9••,15–17]. Moreover, several enhancers arising from
the p300 and H3K4me1 prediction studies show evidence of transcription of long, spliced
ncRNAs according to HAVANA annotation of the human genome [3,36] (Ulf Ørom and
Ramin Shiekhattar, unpublished), suggesting that a large fraction of transcriptional
enhancers could be working through the act of a transcribed long ncRNA. Further functional
analysis of the large number of identified enhancers and expression profiling of the relevant
genomic loci in several cell lines is required to fully address this observation, and might
provide valuable insight into the function of enhancer-encoded transcripts.
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Conclusions
The precise mechanism by which enhancer-like RNAs mediate their action is not known.
One of the working models for enhancer function contends that the enhancer region may be
looped to contact the promoter of the gene they regulate. Such a looping could be facilitated
by transcriptional activators and co-activators recruited to the induced locus [19]. Indeed,
the binding of transcription factors has been shown to be critically involved in mediating
such interactions [41]. It is conceivable that ncRNAs transcribed from the enhancer mediate
such chromatin looping by providing a structural scaffold facilitating transcriptional
assembly of activators and coactivators. Another hypothesis contends that a class of
enhancer-like RNAs may be endowed with enzymatic activities to modify chromatin or
DNA This model is akin to transcriptional coactivators with histone acetyl-transferase or
methyl-transferase activities. An important question that remains to be answered is the exact
nature of the structural and/or domain requirements for enhancer-like RNAs that are
required to mediate their function. Future structure/function studies will reveal whether a
specific domain(s) of the ncRNA is critical for its activating function and whether such a
domain is conserved among other ncRNAs evolutionarily.

Several studies have reported the identification of large sets of long ncRNAs [3,5,7•,8•,9••,
11,13••,14], and it is becoming increasingly clear that long ncRNAs play important roles in
cellular processes. Concomitantly, large-scale identification of transcriptional enhancers
[13••,22••23,24] and the functional overlap of long ncRNAs and enhancers add increasing
intricacy to the understanding of gene expression and regulatory elements. Genome-wide
functional validation assays, and approaches for studying the 3-dimensional structure of the
genome such as Chromosome Conformation Capture (3C) [42], for the thousands of
identified regulatory elements and long ncRNAs could provide insightful information of
their functions and is one of the important next steps for understanding the impact of the
intersection of these two expanding areas of molecular biology.
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Figure 1.
Enhancers are classically defined as distal regulatory genomic elements. Recent research
suggests that several enhancers function through a long ncRNA. In panel A, an inactive
enhancer is depicted. The DNA sequence is bound by enhancer-binding proteins, but does
not communicate to the promoter of the gene that is regulated. In panel B, an active
enhancer is depicted, where the functional molecule mediating the enhancing function is the
ncRNA transcribed from the enhancer.
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