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Long non-coding RNAs (ncRNA) have recently been demonstrated to be expressed from a subset of enhancers and
to be required for the distant regulation of gene expression. Several approaches to predict enhancers have been
developed based on various chromatin marks and occupancy of enhancer-binding proteins. Despite the rapid advances
in the ﬁeld, no consensus how to deﬁne tissue speciﬁc enhancers yet exists. Here, we identify 2,695 long ncRNAs
annotated by ENCODE (corresponding to 28% of all ENCODE annotated long ncRNAs) that overlap tissue-speciﬁc
enhancers. We use a recently developed algorithm to predict tissue-speciﬁc enhancers, PreSTIGE, that is based on the
H3K4me1 mark and tissue speciﬁc expression of mRNAs. The expression of the long ncRNAs overlapping enhancers is
signiﬁcantly higher when the enhancer is predicted as active in a speciﬁc cell line, suggesting a general
interdependency of active enhancers and expression of long ncRNAs. This dependency is not identiﬁed using previous
enhancer prediction algorithms that do not account for expression of their downstream targets. The predicted
enhancers that overlap annotated long ncRNAs generally have a lower ratio of H3K4me1 to H3K4me3, suggesting that
enhancers expressing long ncRNAs might be associated with speciﬁc epigenetic marks. In conclusion, we demonstrate
the tissue-speciﬁc predictive power of PreSTIGE and provide evidence for thousands of long ncRNAs that are expressed
from active tissue-speciﬁc enhancers, suggesting a particularly important functional relationship between long ncRNAs
and enhancer activity in determining tissue-speciﬁc gene expression.

Introduction
Enhancers are genetic regulatory elements that can activate
transcription of their target genes in a temporal and tissue specific
manner.1 Enhancers can regulate their target genes independent
of distance and orientation. The underlying mechanism has been
suggested to involve formation of long-range chromatin loops,
bringing enhancers and promoters into proximity and allowing
interaction of the necessary co-transcriptional factors.1 Enhancers
have long been thought to bind transcription factors and be primarily active at the DNA level. Recent work has identified long
non-coding RNAs (ncRNA) transcribed from active enhancers as
important players in enhancer activity and function,2–4 emphasizing the role of transcription of functional molecules at regulatory regions in the genome. The involvement of long ncRNAs in
mediating enhancer function is an expanding topic that has
recently resulted in numerous publications on the molecular
mechanisms of long ncRNA transcription in enhancer function.5
Several approaches to predict enhancers have been developed
based on various individual enhancer features. For instance binding of p300 has been used to predict enhancers genome-wide in

several different cell lines.6 Other studies have used the tendency
of enhancers to reside within open chromatin surrounded by
nucleosomes marked with mono-methylated lysine 4 at histone
H3 (H3K4me1) as a means to predict enhancers.7-9 Also, bidirectional ncRNA transcription has been used as a criterion to
identify active enhancers genome-wide.9 A recently developed
approach for tissue-specific enhancer prediction, PreSTIGE (Predicting Specific Tissue Interactions of Genes and Enhancers) uses
gene expression and H3K4me1 across a panel of cell lines to
identify both tissue-specific enhancers and their targets
(Fig. 1A).10
Long ncRNAs show tissue-specific expression patterns, often
restricted to a single cell line,11,12 indicating specific regulatory
roles in cellular functions. Expression of long ncRNAs has also
been reported to be highly correlated with the expression of their
neighboring protein-coding genes (PCG)12 in agreement with
the mounting evidence for long ncRNA involvement in mediating enhancer function.3,4,9,13-18
The unique properties of the PreSTIGE enhancer prediction approach with respect to tissue specific enhancers
prompted us to examine the overlap of these enhancers with
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Figure 1. Overlap of long ncRNAs with predicted tissue-speciﬁc enhancers. (A) Overview of the modiﬁed PreSTIGE enhancer prediction used in this
study. PreSTIGE predicts enhancers by ﬁrst ﬁnding PCGs with tissue-speciﬁc increased expression. In the tissue in which the PCG has an increased expression and within the speciﬁed domain size surrounding the TSS of the PCG (200kb) PreSTIGE predicts enhancers based on the presence of cell type speciﬁc H3K4me1 domains. (B) Example of a long ncRNA that is speciﬁcally expressed in HeLa and overlaps a predicted HeLa speciﬁc enhancer. Black bars
labeled HeLa enhancers show predicted enhancers at 2 sites in the locus. Also shown is the ENCODE annotated isoforms of long ncRNAs and PCGs.
ENCODE data for selected representative cell lines are shown for H3K4me1 and RNA sequencing data deposited in the UCSC genome browser. (C) The
number of PreSTIGE predicted cell type speciﬁc enhancers in 11 different cell lines. (D) The number of annotated long ncRNAs that overlap a tissue-speciﬁc enhancer predicted by PreSTIGE. (E) The number of cell lines in which a given long ncRNA overlaps a predicted enhancer.

annotated transcribed long ncRNAs and to evaluate the
potential predictive power of PreSTIGE with respect to
enhancer-associated long ncRNAs. Our results show that the
tissue specific expression of long ncRNAs is associated with
predicted enhancer activity for as many as one in 3 long
ncRNA transcripts.

Results and Discussion
To identify tissue-specific enhancers across 11 cell lines
(Supplementary Table 1), we used the PreSTIGE enhancer
prediction approach.10 PreSTIGE is a method that predicts
enhancers by first finding PCGs with tissue-specific increased
expression, and based on the assumption that these are targets
of tissue-specific enhancers interrogates H3K4me1 domains in
the vicinity. The predicted enhancers are therefore based on
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the presence of H3K4me1 domains in proximity to genes with
tissue-specific expression. Predicted enhancers based on
H3K4me1 can therefore be linked with the tissue-specific elevated expression of the putative target gene. The published
application of PreSTIGE applies a domain size for enhancer
activity of 100 kb and incorporates CTCF sites for expanding
the borders of the domains around the TSS of the PCG.10 We
used a slightly modified version of PreSTIGE to address long
ncRNA association with enhancer function, in which CTCF
domains are not considered due to their potential involvement
in enhancer function19-21 and the domain size is expanded to
200 kb surrounding the TSS (Fig. 1A). These modifications
are incorporated to account for the length that long ncRNAs
occupy in the genome and based on recent evidence from
ChIA-PET,22 Hi-C23 and 5C19 that promoter-enhancer interactions typically occur over distances larger than 100 kb (average of 120 kb).19 The comparison of different domain lengths
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has been done in the original report of the PreSTIGE algorithm10 and shows that expanding the domain from 100 kb to
200 kb does increase the FDR (false discovery rate) slightly
and increases the number of identified enhancers significantly.
While expanding the domain size further leads to a further
increase in the FDR, we settled for a domain size of 200 kb to
accommodate inclusion of the enhancer promoter interactions
within the typical distance of 120 kb.19
One identified enhancer overlapping a long ncRNA specifically expressed in HeLa cells and predicted to regulate the
SMOX gene is shown in Figure 1B. In the figure is shown the
cell-type specific H3K4me1 peaks and cell-type specific expression of the long ncRNA and its predicted target by RNA
sequencing data. According to PreSTIGE the SMOX gene is targeted by 5 different enhancers based on the specificity of expression of the SMOX gene and presence of H3K4me1 at the
predicted enhancers. Only one of these overlaps an annotated
long ncRNA, and therefore only this one enhancer of SMOX
would be included in our subsequent analysis. The 4 remaining
enhancers do not overlap long ncRNAs that have been annotated
so far. This example illustrates that multiple enhancers can affect
the same target leading to transcriptional regulation of the gene.
That only one of the predicted enhancers overlaps a long ncRNA
suggests that both long ncRNA dependent and independent
mechanisms of enhancer function do exist.
Using the 200 kb domain PreSTIGE predicts a total of
131,917 cell-type specific enhancers across the 11 cell lines
included in our analysis (Fig. 1C). To address to which extent
long ncRNA expression overlap active enhancers, we investigated
the overlap between 9,505 ENCODE annotated long ncRNAs12
and PreSTIGE predicted cell-type specific enhancers. We find
that 2,695 long ncRNAs (28% of the analyzed ENCODE annotated long ncRNAs) overlap a predicted cell-type specific active
enhancer in any of 11 cell lines used to establish the prediction
algorithm (Fig. 1D, Supplementary Table 1 and Supplementary
Table 2). This number is prompting that cell-type specific
enhancer function could specify to a certain degree the tissue-specific expression of long ncRNAs. One thousand, seven hundred
and thirty-six long ncRNAs from 937 genomic regions were
found to overlap with a predicted enhancer in one cell line only
(Fig. 1E), underlining the tissue-specific nature of both the algorithm for finding enhancers that are active and the function of
long ncRNAs. Addition of more cell lines to the enhancer prediction algorithm does not increase the total number of predicted
enhancers,10 suggesting that the majority of tissue-specific
enhancers are included in this analysis. Around 80% of the long
ncRNAs overlapping predicted enhancers show evidence of transcription according to the data available from the ENCODE
consortium.12 Analyzing the complete annotation of long
ncRNAs by ENCODE shows that 17% of the annotated long
ncRNAs do not show evidence of expression in any of the 11 cell
lines used in this study.
After establishing that a significant fraction of long ncRNAs
overlap tissue-specific enhancers we addressed whether these long
ncRNAs also show a tissue-specific expression pattern in agreement with the predicted enhancer activity. We intersected
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annotated long ncRNAs with predicted enhancers in each cell
line, and using quantified expression values, from12 we established the relative expression of the long ncRNA at each enhancer
for each cell line compared to the average across all 11 cell lines
used in the study. All predicted enhancers with overlapping long
ncRNA are included in Supplementary Tables 1 and 2. This
analysis reveals a higher median expression of long ncRNAs associated with tissue-specific predicted enhancers for all cell lines
(Fig. 2, Figure 3D and Supplementary Fig. 1). We also observe
significantly higher expression of long ncRNAs overlapping
enhancers in 5 cell lines (GM12878, H1ES, HSMM, NHEK
and HeLa) compared to the expression of all ncRNAs in the particular cell line (Wilcoxon rank-test). Shown is also the expression of each long ncRNA overlapping a tissue-specific enhancer
for each cell line as relative values depicted in a heatmap to give
an overview of the general expression preference (Fig. 2A-D and
Fig. 3D). For the other cell lines in the analysis, long ncRNAs
overlapping tissue-specific predicted enhancers show the highest
expression, but results are also significant to a lesser extent in
other cell lines (Supplementary Fig. 1). A representation of the
tissue-specific expression of the corresponding target PCGs is
shown with heatmaps in Supplementary Figure 2. Analysis of the
gene ontologies of regulated PCGs shows highly significant
enrichments of cell-type specific functional groups for GM12878
(Cell-To-Cell Signaling and Interaction, Hematological System
Development and Function); H1ES (Embryonic Development,
Developmental Disorder); HeLa (Reproductive System Disease);
HepG2 (Carbohydrate Metabolism, Lipid Metabolism); K562
(Cardiovascular System Development and Function, Cell-mediated Immune Response); MCF7 (Breast or Ovarian Cancer) and
NHEK (Dermatological Diseases and Conditions), further demonstrating the importance of tissue-specific enhancer predictions.
To address whether there is a correlation between the PCG
and long ncRNA expression we calculated the Pearson correlation for each gene-pair across all cell lines. We find that 37.2%
of gene pairs (PCG»long ncRNA) are significantly correlated
(P < 0.05) across all 11 cell lines, supporting our findings that
the analyzed subset of tissue-specific enhancers expresses long
ncRNAs dependent on their activity.
A pioneering study defined enhancers and promoters based on
H3K4me1 and H3K4me3, respectively, and proposed that tissue-specific expression of genes is primarily due to differential
enhancer activity while maintaining stable promoter activity.7
While enhancers are predicted by the presence of H3K4me1 by
PreSTIGE, our data show that transcription of long ncRNAs
often occurs at sites marked with H3K4me1.
When comparing PreSTIGE predicted enhancers in HeLa,
only 2,125 of 8,560 (24%) overlap with the 36,552 enhancers
predicted by7 demonstrating clearly different pools of enhancers
being identified in the 2 studies (Fig. 3A). One of the reasons
could be, that the study by7 considers H3K4me1 and H3K4me3
in defining enhancers and promoters as mutually exclusive, while
PreSTIGE considers the tissue-specificity of H3K4me1 marks,
irrespective of the presence of H3K4me3.10 The observation that
expressed long ncRNAs are being actively transcribed suggests a
potential overlap of their promoters with H3K4me3, which
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Figure 2. Long ncRNA expression correlates with predicted tissue-speciﬁc enhancers. In (A–D) are shown expression values for all long ncRNAs overlapping a predicted enhancer in (A) GM12878, (B) H1ES, (C) HSMM, and (D) NHEK. For each long ncRNA the relative expression compared to the average
expression across all cell lines is shown as bar-plots (upper panels) or as heatmaps (lower panels). Heatmaps are normalized for each transcript such
that blue shows the lowest expression and red shows the highest expression. Statistical analysis is done using Mann-Whitney-Wilcoxon test. a P-value
< 2.2e-16, b P-value 7.9e-15.

256

Cell Cycle

Volume 14 Issue 2

Downloaded by [MPI Molec Genetics] at 02:32 11 May 2016

would explain why these
enhancer
predictions
have been omitted from
the study by Heintzman
et al.7 When analyzing
H3K4me3
at
the
enhancers predicted by7
that overlap PreSTIGE
predicted enhancers, we
find a significantly higher
signal than for those
identified
only
by7
(Fig. 3B), supporting
this idea. It has also been
suggested that it is rather
the ratio between the 2
H3K4
methylation
marks that determines
the properties of a regulatory element, leading
occasionally to complex
situations
where
enhancers can function
as
alternative
promoters.14 We calculated
the ratio of H3K4me1 to
H3K4me3 for PreSTIGE
predicted
enhancers and compared
the values for those overlapping annotated long
ncRNAs to those that do
not. As shown in
Figure 3C the enhancers
overlapping an annotated
long ncRNA show on
average
significantly
lower
H3K4me1/
H3K4me3 ratio than
those that do not overlap
Figure 3. Comparison of PreSTIGE predicted enhancers to previous methods. (A) Venn diagram showing the overlap
annotated long ncRNAs.
between enhancers in HeLa predicted by7 using H3K4me1 and H3K4me3 proﬁles compared to HeLa tissue-speciﬁc
This
means,
that
enhancers predicted by PreSTIGE. (B) Quantiﬁcation of H3K4me3 at enhancers predicted by7 overlapping or not overenhancers overlapping
lapping PreSTIGE predicted enhancers, respectively. *** P-value < 2.2e-16. (C) The ratio of H3K4me1 to H3K4me3 for
PreSTIGE predicted enhancers overlapping or not overlapping a long ncRNA, respectively. *** P-value 0.00039. (D and
annotated long ncRNAs
E) As in Figure 2. Shown are average relative expression values across 11 cell lines for all long ncRNAs overlapping prehave relatively higher
dicted enhancers in HeLa cells as bar-plots (upper panels) or heatmaps (lower panels). (D) Expression at enhancers preH3K4me3 compared to
dicted by the modiﬁed PreSTIGE method. a P-value < 2.2e-16, b P-value 9.0e-10. (E) Expression at enhancers predicted
H3K4me1. This observaby Heintzman et al., 2009. c P-value 9.5e-07, d P-value 3.9e-05, e P-value 6.4e-06 and f P-value 1.6e-06. Statistical analytion is in line with the
ses were done using Mann-Whitney-Wilcoxon test.
fact that long ncRNAs
are expressed from these
enhancers, and suggests that enhancers expressing long ncRNAs their expression is less significant compared to PreSTIGE precould have a characteristic epigenetic mark profile.
dicted
enhancers
(P-value
9.496e-07 vs
P-value
The average relative expression of the long ncRNAs overlap- < 2.2e-16), while being transcribed not only in HeLa but also in
ping PreSTIGE predicted tissue-specific enhancers in HeLa is sig- HSMM, NHEK and NHLF (Fig. 3E). These results suggest that
nificantly higher than in any other cell line examined (Fig. 3D). the PreSTIGE method has a stronger predictive power than the
While 1,217 of the enhancers predicted by7 overlap long ncRNAs, previous methods, and that long ncRNA expression is associated
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with tissue-specific enhancers. While we find that the PreSTIGE
method is very robust in predicting tissue-specific enhancers based
on the association with long ncRNA transcription, the approach is
limited to enhancers regulating tissue-specific gene expression.
While the method reported by7 would very likely find a general
enhancer working in several cell lines, these would be missed by
PreSTIGE. The enhancers predicted by PreSTIGE appear to
include more true-positives likely because of the inclusion of
expression of the potential target genes but at the same time dismisses many true enhancers due to activity across more cell lines.
While the results presented suggest that long ncRNA transcription is linked to tissue-specific enhancers, they do not tell us
how they are mechanistically involved. The long ncRNAs
expressed at enhancers have been suggested to be directly
involved in mediating the enhancer activity on the regulated
genes,3,15,24 while other studies have predominantly found evidence for a correlation in expression.2,4 How many of these
enhancer transcribed long ncRNAs are mediating the enhancer
activity and how many are expressed as a consequence of
enhancer activation can not be definitely derived from our data,
but should be addressed in future experiments. We find, however, that tissue-specific enhancer associated expression of long
ncRNAs is characteristic for a subset of the predicted enhancers,
implying a functional relationship.
Several studies have reported the involvement of long
ncRNAs in mediating enhancer function.3,4,9,13-18 One of the
PreSTIGE predicted enhancers in K562 cells has previously
been described to transcribe activating long ncRNAs ncRNAa3 and ncRNA-a4 regulating TAL1 and CMPK1 expression,
respectively3 (Fig. 4). While both activating long ncRNAs are
identified as K562 specific, overlapping a K562 specific
enhancer predicted by PreSTIGE, only juxtaposed TAL1 is

assigned as the target of the enhancer due to its highly tissuespecific expression. While enhancer-like long ncRNAs can
have several targets and mediate their effects over several
megabases,15 the experimental evidence derived from PolII
ChIA-PET,22 knock-down and reporter assays3 emphasizes in
this case the regulation of CMPK1. This illustrates one of
the complications of identifying long-range regulatory relationships between long ncRNAs and PCGs, and implies that
an even larger fraction of long ncRNAs could be associated
with tissue-specific enhancers. Long ncRNAs and enhancers
can regulate gene expression over distances longer that
200 kb,15 and these interactions would not be confidently
identified using the reported approach due to the increased
FDR with increased PCG enhancer domain size. While a
subset of the predicted enhancers showing expression of long
ncRNAs might be false-positives, the reported approach also
excludes a potentially large number of true-positives due to
the limitations in domain size in the PreSTIGE method.
Prediction of enhancers is a rapidly expanding area of
research and numerous approaches have been proposed. Different approaches yield different predicted enhancers, and usually the target identification is left to guesswork or the simple
assumption that the neighboring gene is being regulated.58,25,26
The PreSTIGE method is one of the few approaches
that integrate the prediction of targets in addition to the prediction of enhancers making it an important advance of
enhancer prediction. Judged by the significant occurrence of
active transcription of long ncRNAs at predicted tissue-specific
enhancers it is reasonable to assume that the predictions are
also more accurate than previous methodologies.
In conclusion, we demonstrate the tissue-specific predictive
power of PreSTIGE and provide evidence for thousands of long

Figure 4. PreSTIGE prediction of enhancers overlapping activating ncRNAs. A tissue-speciﬁc enhancer is predicted in K562 cells that overlap previously
identiﬁed activating ncRNAs ncRNA-a3 and ncRNA-a4 shown to target TAL1 and CMPK1, respectively. Predicted enhancers are shown as black boxes
(K562 enhancers). The ENCODE annotated transcripts are shown for discontinuous regions of the locus. See scale bar and coordinates. K562 PolII ChIAPET data are from Li et al.22 as deposited in the UCSC genome browser, and show interacting regions as experimentally determined. Additionally,
H3K4me1 and RNA sequencing data from ENCODE are shown for representative cell lines.
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ncRNAs that are expressed from tissue-specific enhancers, suggesting a particularly important functional relationship between
long ncRNAs and enhancer activity in determining tissue-specific
gene expression.
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Methods
Enhancer prediction
PreSTIGE methodology was performed as described previously.10 In brief, PreSTIGE is a method that predicts
enhancers by first finding PCGs with tissue-specific increased
expression, and based on the assumption that these are targets
of tissue-specific enhancers searches for H3K4me1 domains
within the specified domain size. Predicted enhancers based
on H3K4me1 can therefore be linked with the tissue-specific
elevated expression of the putative target gene. We used a
slightly modified version of PreSTIGE to address long
ncRNA association with enhancer function, in which CTCF
domains are not considered and the domain size is expanded
to 200 kb surrounding the TSS of the PCG. Additionally, all
enhancers that were overlapping with their predicted targets
were filtered out from the enhancer dataset used in the subsequent analysis.
ncRNA and enhancer overlap
Annotated long ncRNAs were obtained from12 and were further filtered for long ncRNAs that do not overlap PCGs. Long
ncRNAs were intersected with cell type specific PreSTIGE
enhancers, and vice versa, using BEDTools.27 Minimal overlap
for this analysis is one nucleotide.
Previously predicted enhancers in HeLa were obtained from7.
Overlap of these enhancers with HeLa enhancers predicted by
PreSTIGe, as well as intersection with long ncRNAs was performed using BEDTools27 with one nucleotide minimal overlap.
Gene ontology analysis
PreSTIGE predicted targets of enhancers that overlap long
ncRNAs were subjected to gene ontology analysis. Data were
analyzed through the use of QIAGEN’s Ingenuity Pathway Analysis (IPA QIAGEN Redwood City www.qiagen.com/ingenuity).
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