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Outline of talk:

Mouse Enhancer Predictions - unsupervised predictions. 
!
Generating a believable set of conditions to define true 
enhancers. 
!
Models learned using local features versus those learned using 
features from flanking regions.



3p300 predicts enhancer activity patterns

To test directly whether p300 binding in developing mouse tissues is
indicative of enhancer activity in vivo, we selected 86 regions with a
p300 peak in at least one of the tissues for analysis in transgenic mice,
comprising a total of 122 individual predictions of enhancer activity in
specific tissues (Supplementary Table 5). These elements were selected
blind to the identity of genes near which they are located, showed a
wide range of evolutionary conservation with other vertebrate species
(see Methods) and approximately reflect the genome-wide distri-
bution properties of p300 peaks among intronic and intergenic
regions, as well as their distances relative to known genes (Supple-
mentary Fig. 1).

We cloned the human genomic sequences orthologous to these
enhancer candidate regions into an enhancer reporter vector and
generated transgenic mice as previously described10,31. For each of
the 86 candidate enhancers, several independent transgenic embryos
(average of n 5 8) were assessed for reproducible reporter gene
expression. A pattern was considered reproducible if the same anatom-
ical structure was stained in three or more embryos. In almost all cases,
this minimum threshold was exceeded and reproducible reporter
staining in forebrain, midbrain or limb was present on average in more
than 80% of the embryos obtained per construct (Supplementary
Table 5).

First we determined whether p300 binding was predictive of repro-
ducible in vivo enhancer activity regardless of their tissue specificity.
Considering peaks from each of the three p300 data sets separately, 55
out of 63 (87%) forebrain predictions, 30 out of 34 (88%) midbrain
predictions and 22 out of 25 (88%) limb predictions were active enhan-
cers in vivo at E11.5 as defined by reproducible LacZ staining (Fig. 2,
grey and coloured bars). Overall, 87% (75 out of 86) of the tested
elements were reproducible enhancers at E11.5. This compares with
a success rate for predicting enhancers of 47% (246 out of 528) from
our previous studies in which elements were identified on the basis of
their extreme evolutionary conservation and tested using the same
transgenic mouse assay10,11. Thus, the rate of false-positive predictions
using p300 ChIP-seq was more than fourfold lower than that with

extreme evolutionary conservation (13% compared to 53% previously;
P 5 4.2 3 10210, Fisher’s exact test).

We next determined the accuracy with which p300 binding predicts
the tissue in which enhancer activity will occur. Of the 63 tested elem-
ents that overlapped a forebrain p300 peak, 49 (78%) were found to
have reproducible enhancer activity in the developing forebrain (Fig. 2,
blue). Similarly, 28 out of 34 (82%) tested elements identified by
midbrain p300 enrichment (Fig. 2, red), and 20 out of 25 (80%) tested
elements identified by limb p300 enrichment (Fig. 2, green), were
confirmed to be active in the predicted tissue. The 86 tested elements
included 32 sequences that were identified by p300 binding in more
than one tissue. Of these, 27 out of 32 (84%) were active in at least one
of the predicted tissues, and 22 sequences (69%) perfectly recapitu-
lated the predicted expression patterns (Supplementary Table 6).

To assess the degree of enrichment of enhancer activities in predicted
tissues, we compared the relative frequency of enhancers for each of the
three tissues examined here with a background set of 528 previously
tested sequences predicted to be developmental enhancers on the basis
of extreme sequence constraint that were not associated with a prior
tissue specificity prediction10,11. For example, whereas forebrain enhan-
cers account for only 16% (86 out of 528) of the tested elements iden-
tified through comparative approaches, 78% (49 out of 63) of elements
predicted by forebrain p300 peaks were found to be active enhancers in
the forebrain (Fig. 2). Forebrain predictions are therefore fivefold
enriched in forebrain enhancers compared with enhancers identified
through comparative approaches (P , 1 3 10222). Similarly, we
observed a sixfold enrichment of midbrain enhancers (P , 1 3 10211)
and a 16-fold enrichment of limb enhancers (P , 1 3 10218) at mid-
brain and limb p300 peaks, respectively. Representative examples of
enhancers identified by ChIP-seq are shown in Fig. 3 and detailed anno-
tations and reproducibility across transgenic mice for all elements tested
in this study can be found at http://enhancer.lbl.gov (ref. 32). Taken
together, these results indicate that p300 peaks are a highly accurate
predictor of in vivo enhancers and their spatial activity patterns.
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Figure 1 | Tissue dissection boundaries, overview of the ChIP-seq approach
and summary of p300 results. Tissue dissection boundaries are indicated in a
representative unstained E11.5 mouse embryo. For each sample, tissue was
pooled from more than 150 embryos and ChIP-seq was performed with a p300-
antibody. Reads obtained for each of the three tissues that unambiguously
aligned to the reference mouse genome were used to define peaks (FDR , 0.01).
A more comprehensive overview of sequencing and mapping results is provided
in Supplementary Table 1. fb, forebrain; li, limb; mb, midbrain.
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Figure 2 | p300 binding accurately predicts enhancers and their tissue-
specific activity patterns. Bar height indicates the frequency of in vivo
enhancers (reproducible at E11.5) that are active in any tissue (grey bars and
coloured bars) and the fraction of enhancers in which the pattern includes or
is restricted to reproducible forebrain (blue bars), midbrain (red bars) or
limb activity (green bars). In each case, candidate elements predicted by
p300 peaks in forebrain, midbrain or limb were compared to the frequency
of the respective pattern in a background set of 528 previously tested
sequences identified through extreme evolutionary conservation (combined
data sets from refs 10 and 11). The component activities of elements
predicted to be active in several tissues were counted separately.
*P , 0.00005, Fisher’s exact test, one-tailed.
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p300 predicts enhancer activity patterns

To test directly whether p300 binding in developing mouse tissues is
indicative of enhancer activity in vivo, we selected 86 regions with a
p300 peak in at least one of the tissues for analysis in transgenic mice,
comprising a total of 122 individual predictions of enhancer activity in
specific tissues (Supplementary Table 5). These elements were selected
blind to the identity of genes near which they are located, showed a
wide range of evolutionary conservation with other vertebrate species
(see Methods) and approximately reflect the genome-wide distri-
bution properties of p300 peaks among intronic and intergenic
regions, as well as their distances relative to known genes (Supple-
mentary Fig. 1).

We cloned the human genomic sequences orthologous to these
enhancer candidate regions into an enhancer reporter vector and
generated transgenic mice as previously described10,31. For each of
the 86 candidate enhancers, several independent transgenic embryos
(average of n 5 8) were assessed for reproducible reporter gene
expression. A pattern was considered reproducible if the same anatom-
ical structure was stained in three or more embryos. In almost all cases,
this minimum threshold was exceeded and reproducible reporter
staining in forebrain, midbrain or limb was present on average in more
than 80% of the embryos obtained per construct (Supplementary
Table 5).

First we determined whether p300 binding was predictive of repro-
ducible in vivo enhancer activity regardless of their tissue specificity.
Considering peaks from each of the three p300 data sets separately, 55
out of 63 (87%) forebrain predictions, 30 out of 34 (88%) midbrain
predictions and 22 out of 25 (88%) limb predictions were active enhan-
cers in vivo at E11.5 as defined by reproducible LacZ staining (Fig. 2,
grey and coloured bars). Overall, 87% (75 out of 86) of the tested
elements were reproducible enhancers at E11.5. This compares with
a success rate for predicting enhancers of 47% (246 out of 528) from
our previous studies in which elements were identified on the basis of
their extreme evolutionary conservation and tested using the same
transgenic mouse assay10,11. Thus, the rate of false-positive predictions
using p300 ChIP-seq was more than fourfold lower than that with

extreme evolutionary conservation (13% compared to 53% previously;
P 5 4.2 3 10210, Fisher’s exact test).

We next determined the accuracy with which p300 binding predicts
the tissue in which enhancer activity will occur. Of the 63 tested elem-
ents that overlapped a forebrain p300 peak, 49 (78%) were found to
have reproducible enhancer activity in the developing forebrain (Fig. 2,
blue). Similarly, 28 out of 34 (82%) tested elements identified by
midbrain p300 enrichment (Fig. 2, red), and 20 out of 25 (80%) tested
elements identified by limb p300 enrichment (Fig. 2, green), were
confirmed to be active in the predicted tissue. The 86 tested elements
included 32 sequences that were identified by p300 binding in more
than one tissue. Of these, 27 out of 32 (84%) were active in at least one
of the predicted tissues, and 22 sequences (69%) perfectly recapitu-
lated the predicted expression patterns (Supplementary Table 6).

To assess the degree of enrichment of enhancer activities in predicted
tissues, we compared the relative frequency of enhancers for each of the
three tissues examined here with a background set of 528 previously
tested sequences predicted to be developmental enhancers on the basis
of extreme sequence constraint that were not associated with a prior
tissue specificity prediction10,11. For example, whereas forebrain enhan-
cers account for only 16% (86 out of 528) of the tested elements iden-
tified through comparative approaches, 78% (49 out of 63) of elements
predicted by forebrain p300 peaks were found to be active enhancers in
the forebrain (Fig. 2). Forebrain predictions are therefore fivefold
enriched in forebrain enhancers compared with enhancers identified
through comparative approaches (P , 1 3 10222). Similarly, we
observed a sixfold enrichment of midbrain enhancers (P , 1 3 10211)
and a 16-fold enrichment of limb enhancers (P , 1 3 10218) at mid-
brain and limb p300 peaks, respectively. Representative examples of
enhancers identified by ChIP-seq are shown in Fig. 3 and detailed anno-
tations and reproducibility across transgenic mice for all elements tested
in this study can be found at http://enhancer.lbl.gov (ref. 32). Taken
together, these results indicate that p300 peaks are a highly accurate
predictor of in vivo enhancers and their spatial activity patterns.
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Figure 1 | Tissue dissection boundaries, overview of the ChIP-seq approach
and summary of p300 results. Tissue dissection boundaries are indicated in a
representative unstained E11.5 mouse embryo. For each sample, tissue was
pooled from more than 150 embryos and ChIP-seq was performed with a p300-
antibody. Reads obtained for each of the three tissues that unambiguously
aligned to the reference mouse genome were used to define peaks (FDR , 0.01).
A more comprehensive overview of sequencing and mapping results is provided
in Supplementary Table 1. fb, forebrain; li, limb; mb, midbrain.

Con
se

rva
tio

n (
n =

 52
8)

Con
se

rva
tio

n (
n =

 52
8)

Con
se

rva
tio

n (
n =

 52
8)

Fo
re

bra
in 

p30
0 (

n =
 63

)

M
idbra

in 
p30

0 (
n =

 34
)

Lim
b p

30
0 (

n =
 25

)

P
ro

po
rt

io
n 

of
 in

 v
iv

o 
en

ha
nc

er
s

(a
m

on
g 

te
st

ed
 e

le
m

en
ts

) 

0%

20%

40%

60%

80%

100%

Any reproducible 
enhancer activity

Pattern includes 
or restricted to:

**
* * *

*

forebrain

midbrain

limb

Figure 2 | p300 binding accurately predicts enhancers and their tissue-
specific activity patterns. Bar height indicates the frequency of in vivo
enhancers (reproducible at E11.5) that are active in any tissue (grey bars and
coloured bars) and the fraction of enhancers in which the pattern includes or
is restricted to reproducible forebrain (blue bars), midbrain (red bars) or
limb activity (green bars). In each case, candidate elements predicted by
p300 peaks in forebrain, midbrain or limb were compared to the frequency
of the respective pattern in a background set of 528 previously tested
sequences identified through extreme evolutionary conservation (combined
data sets from refs 10 and 11). The component activities of elements
predicted to be active in several tissues were counted separately.
*P , 0.00005, Fisher’s exact test, one-tailed.
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CBP/p300 is a cofactor that is important for enhancer function

p300 peaks were shown to be good predictors of enhancer activity.

Visel, et al., Nature 2009
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organs with different anatomical and physiological trajectories:
forebrain, heart, and liver. The forebrain is the center of many
higher brain functions, arising from the ectoderm and undergo-
ing waves of neurogenesis and migration during mid-embryo-
genesis, with substantial late maturation (Austin and Cepko,
1990; Clinton et al., 2000; Kang et al., 2011). The heart arises
from the mesoderm, is one of the earliest organs to form with
basic patterning complete by late gestation, and performs the
singular function of circulation throughout life (Brand, 2003; Har-
vey, 2002; Olson, 2006). The liver arises from the endoderm and
goes through a major functional transition, switching from fetal
hematopoiesis to its mature functions of detoxification, meta-
bolism, and plasma protein and hormone synthesis late in gesta-
tion (Zhao and Duncan, 2005; Zorn, 2008). These three tissues
are of significant relevance to biomedical research, and patho-
genic traits associated with all three systems are closely linked
to transient developmental processes.

We generated genome-widemaps of enhancers active in each
of these organs via chromatin immunoprecipitation sequencing
(ChIP-seq) performed directly on mouse tissue collected at
different stages of development (Figure 1A). The developmental
stages (embryonic days [E] 11.5, 14.5, and 17.5; postnatal days
[P] 0, 7, 21, and 56) and tissues were selected to capture signif-
icant developmental processes in these major organ systems. In
total, we profiled 21 unique tissue types collected from pre- and
postnatal mice (Table S1 available online). We assessed the
tissue- and stage-specific presence of H3K27ac, a histone
modification found at active enhancers (Creyghton et al., 2010;
Rada-Iglesias et al., 2011) and at transcription start sites

(TSSs). Figure S1 shows a schematic overview of the analysis.
ChIP-seq reads were mapped to mm9, and peaks were called
for each data set (see Extended Experimental Procedures for
details for all analyses). We separated the H3K27ac-enriched re-
gions into putative distal enhancers, defined as regions posi-
tioned at least 1 kb from a known TSS, and proximal regions
that were within 1 kb of or overlapped a TSS. In total, across
the three tissues and seven time points examined, we identified
105,394 H3K27ac-enriched regions, including 16,225 regions
that were proximal to known TSSs and 89,169 distal regions rep-
resenting putative developmental enhancers. Comparison of
expression levels of the nearest TSS for both forebrain and
heart enhancers showed significantly increased expression in
the linked tissue at E11.5 (t test p values: forebrain = 0.007;
heart = 0.03). H3K27ac enrichment profiles for biological repli-
cates for a subset of samples showed significant reproducibility
across data sets (Figure S2A). The association of enhancers with
gene expression, the biological reproducibility of ChIP-seq ex-
periments, and patterns of H3K27ac coenrichment across tis-
sues and time points support the validity of these data sets for
genome-wide enhancer analysis (Figure S2).
Recent studies of chromatin indicate that H3K27ac is present

at enhancers when they are active (Bonn et al., 2012; Cotney
et al., 2012; Creyghton et al., 2010; Rada-Iglesias et al., 2011),
suggesting a model wherein dynamic H3K27ac enrichment is
associated with transient enhancer activity. This notion is illus-
trated by examples of differential H3K27ac enrichment across
time points and tissues at representative putative distal en-
hancers located near selected developmentally active target
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Figure 1. Mapping In Vivo Enhancers via ChIP-Seq Performed on Mouse Forebrain, Heart, and Liver Tissue
(A) Schematic of developmental stages and tissues.

(B) Representative examples of putative enhancers exhibiting dynamic H3K27ac signal across tissues and time points. Text includes description of loci.

See also Figures S1 and S2 and Table S1.

1522 Cell 155, 1521–1531, December 19, 2013 ª2013 Elsevier Inc.

H3K27ac is an important mechanism to regulate the activity of 
enhancers in different developmental stages

Nord, et al., Cell, 2013

Epigenetically, H3K27ac marks are present near active enhancers.
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In the case of Random forests, the main parameter to be
determined is the number of trees. Since the non-enhancer class is
assumed to be several times enriched compared to the enhancer
class in the genome, we select a greater number of non-p300

training sites as compared to p300 sites and this proportion is also
adjusted using the above-described methods. Previous algorithms
[23] as well as empirical observations showed a width of 21 kb to
+1 kb around the p300 binding site as optimal but we further

Figure 1. Histone modification patterns at distal p300 binding sites in H1 and IMR90. A.)Chromatin states for p300 binding sites in H1
cells. B.)Chromatin states for p300 binding sties identified in IMR90 cells, identified by clustering using ChromaSig [48]. The heatmap shows RPKM-
normalized histone modification levels in 100 bp bins from 25 to +5 kb along p300 binding sites overlapping DHS and distal to known TSS.
doi:10.1371/journal.pcbi.1002968.g001

Random Forest for Enhancer Identification

PLOS Computational Biology | www.ploscompbiol.org 3 March 2013 | Volume 9 | Issue 3 | e1002968

Epigenetic marks associated with putative enhancer regions

Putative enhancer sites are associated with enrichment of H3K4me1 signal and 
depletion of H3K4me3 signal. Different clusters of putative enhancers have 
varying levels of H3K27ac (activating) and H3K27me3 (repressive) signals.

Rajagopal, et al., PLoS CB, 2013

In the case of Random forests, the main parameter to be
determined is the number of trees. Since the non-enhancer class is
assumed to be several times enriched compared to the enhancer
class in the genome, we select a greater number of non-p300

training sites as compared to p300 sites and this proportion is also
adjusted using the above-described methods. Previous algorithms
[23] as well as empirical observations showed a width of 21 kb to
+1 kb around the p300 binding site as optimal but we further

Figure 1. Histone modification patterns at distal p300 binding sites in H1 and IMR90. A.)Chromatin states for p300 binding sites in H1
cells. B.)Chromatin states for p300 binding sties identified in IMR90 cells, identified by clustering using ChromaSig [48]. The heatmap shows RPKM-
normalized histone modification levels in 100 bp bins from 25 to +5 kb along p300 binding sites overlapping DHS and distal to known TSS.
doi:10.1371/journal.pcbi.1002968.g001

Random Forest for Enhancer Identification

PLOS Computational Biology | www.ploscompbiol.org 3 March 2013 | Volume 9 | Issue 3 | e1002968



Epigenetic Properties of Enhancers from STARR-Seq assay

luciferase activitywere strongly linearly related over
the entire range of enrichment values (r = 0.83; Fig.
1C), which established STARR-seq as a quanti-

tative assay applicable to millions of fragments for
the genome-wide identification of enhancers that
substantially outperforms methods based on chro-

matin features (figs. S9 to S11). We did not find
any evidence that the location of candidates in-
side the transcript would bias their assessment:

Fig. 2. Complexity of gene
regulation. (A) Enrichment
and depletion of different
enhancer strengths (left) and
enhancer number (right) in
specific gene categories ver-
sus all genes. (B) STARR-seq
enhancers and fragment
densities in the Act5C and
shn loci. (C) Gene expres-
sion versus the number and
the combined strengths of
enhancers per gene locus
(bins of 100 genes).
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value). (B) Boxplots for
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flanking gene expression
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REPORTS

Enhancers intersect with DNase hypersensitive sites and are within regions with 
high H3K27ac/H3K4me1 signals (with higher signals in flanking regions) and 
H3K27me3 depleted regions.

Arnold, et al., STARR-seq paper, Science, 20136
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The H3K27ac and p300 peaks are not sufficient to choose 
positives in the genome 

p300 peaks may miss out a number of 
active enhancers. 

p300 and H3K27ac peaks alone can 
also have a number of false positives
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Having a double peak requirement reduces the false positive rate
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Base Position (chromosome 1)
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H3K27me3 peaks

1.5 x  bins randomly sampled 
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U
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Typically 22000 100 bp bins for mouse
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Features Used for Predicting Enhancers:

Histone ChIP-Seq Signal (H3K27ac, H3K4me1, H3K4me3, H3K27me3 necessary) 
Transcription Factor ChIP-Seq Signal (p300, CTCF, maybe pol2) 
RNA-Seq Signal 
Conservation (placental, vertebrate) 
GC content

Local Model
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Postprocessing steps

Remove bins overlapping with promoters, gencode exons, and 
blacklist regions. 

!
Merge bins from highest scoring bins - peaked regions  

1000bp predictions - working on this step. 
!
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Local Model - Signal differences in positives and negatives

H3K27ac and  
H3K4me1 signals 

have big differences.
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pos neg

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7
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0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7
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Local Model - results - AUC plot
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0

0.
2

0.
4

0.
6

0.
8

1.
0

Heart_E14.5

false positive rate

tru
e 

po
si

tiv
e 

ra
te

Local features do reasonably well in model

AUC = 0.94
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Local Model - results - importance of features

p300

TFinput

HistoneControl

Vertebrate_Conservation

Placental_Conservation

Rnaseq

GC

H3K4me3

Dnase

H3K27me3

H3K4me1

H3K27ac

Heart_E14.5 local tpr= 0.955949114492392 with fpr= 0.05

log10(importanceScore)

0 1 2 3 4

.05

The usual suspects are 
important - H3K27ac, 
H3K4me1, H3K4me3, 
DNase, H3K27me3
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Features Used for Predicting Enhancers:

Histone ChIP-Seq Signal (H3K27ac, H3K4me1, H3K4me3, H3K27me3 necessary) 
Transcription Factor ChIP-Seq Signal (p300, CTCF, maybe pol2) 
RNA-Seq Signal 
Conservation (placental, vertebrate) 
GC content

Nonlocal Model

Base Position (chromosome 1)

Si
gn

al

Upstream and downstream features

H3K27ac 
H3K4me1 
H3K4me3 

GC content
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Nonlocal Model - Differences between positives and negatives
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pos neg

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

Placental_Conservation
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pos neg

0.
0

0.
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0.
2

0.
3

0.
4

0.
5

0.
6

0.
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Vertebrate_Conservation
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Nonlocal Model - AUC plot
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Nonlocal Model - results - importance of features
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Conclusions

Nonlocal features rock!

Future Work
Add new datasets from mouse ENCODE and redo the models. 
Analyze overlap of different predictions with our predictions (similar 
analysis with VISTA positives and negatives). 
Use new method on human data. 
Move on to developing methods for target predictions.
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Extra Slides
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A Trend that Didn’t Work Out

were observed in other cell lines (Supplementary Fig. 2a). Enhancer-
associated reverse and forward strand transcription initiation events
were, on average, separated by 180 base pairs (bp) and corresponded to
nucleosome boundaries (Supplementary Figs 3 and 4). As a class, active
HeLa-S3 enhancers had 231-fold more CAGE tags than polycomb-
repressed enhancers, indicating that transcription is a marker for active
usage. Indeed, ENCODE-predicted enhancers7 with significant reporter
activity8 had greater CAGE expression levels than those lacking reporter
activity (P , 4 3 10222, Mann–Whitney U test). A lenient threshold
on enhancer expression increased the validation rate of ENCODE
enhancers from 27% to 57% (Supplementary Fig. 5).

Although capped RNAs of protein-coding gene promoters were
strongly biased towards the sense direction, similar levels of capped
RNA in both directions were detected at enhancers (Fig. 1b and Sup-
plementary Fig. 2b, c). Thus, bidirectional capped RNAs is a signature
feature of active enhancers. On this basis, we identified 43,011 enhan-
cer candidates across 808 human CAGE libraries (see Supplementary
Text and Supplementary Figs 6–8). Interestingly, the candidates were
depleted of CpG islands (CGI) and repeats (with the exception of
neural stem cells, see ref. 9).

To confirm the activity of newly identified candidate enhancers, we
randomly selected 46 strong, 41 moderate and 36 low activity enhancers

(as defined by CAGE tag frequency in HeLa cells) and examined their
activity using enhancer reporter assays compared to randomly selected
untranscribed loci with regulatory potential in HeLa-S3 cells: 15 DHSs10,
26 ENCODE-predicted ‘strong enhancers’7 and 20 enhancers defined
as in Fig. 1a (Supplementary Tables 2 and 3). Whereas 67.4–73.9% of
the CAGE-defined enhancers showed significant reporter activity, only
20–33.3% of the untranscribed candidate regulatory regions were active
(Fig. 1c and Supplementary Fig. 9a). The same trend was observed in
HepG2 cells (Supplementary Fig. 10a, b). Corresponding promoter-less
constructs showed that the enhancer transcription read-through is
negligible (Supplementary Fig. 9b, c). Many CAGE-defined enhancers
overlapped predicted ENCODE ‘strong enhancers’ or ‘TSS’ states (25%
and 62%, respectively, for HeLa-S3), but there was no substantial differ-
ence in validation rates between these classes (Supplementary Fig. 10c, d).
In summary, active CAGE-defined enhancers were much more likely to
be validated in functional assays than untranscribed candidate enhan-
cers defined by histone modifications or DHSs.

Initiation and fate of enhancer RNAs versus mRNAs
RNA-seq data from matching primary cells and tissues showed that
,95% of RNAs originating from enhancers were unspliced and typ-
ically short (median 346 nucleotides)—a striking difference to mRNAs
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Figure 1 | Bidirectional capped RNAs is a signature feature of active
enhancers. a, Enhancers identified by co-occurrence of H3K27ac and
H3K4me1 ChIP-seq data7, centred on P300 binding sites, in HeLa cells were
overlaid with HeLa CAGE data (unique positions of CAGE tag 59 ends,
smoothed by a 5-bp window), revealing a bidirectional transcription pattern.
Horizontal axis shows the 6 500 bp region around enhancer midpoints.
b, Density plot illustrating the difference in directionality of transcription

according to FANTOM5-pooled CAGE tags mapped within 6 300 bp of
22,486 TSSs of RefSeq protein-coding genes and centre positions of 10,138
HeLa enhancers defined as above. c, Success rates of 184 in vitro enhancer
assays in HeLa cells. Vertical axis shows the fraction of active enhancers
(success defined by Student’s t-test, P , 0.05 versus random regions; also see
Supplementary Fig. 9). Numbers of successful assays are shown on the
respective bar. See main text for details.
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Figure 2 | Features distinguishing enhancer TSSs from mRNA TSSs.
a, Densities of the genomic and processed RNA lengths of transcripts starting
from enhancer TSSs and mRNA TSSs using assembled RNA-seq reads from
13 pooled FANTOM5 libraries. b, Frequencies of RNA processing motifs
(59 splice motif (59SS, upper panel) and the transcription termination site
hexamer (TTS, lower panel)) around enhancer and mRNA TSSs. Vertical axis
shows the average number of predicted sites per kb within a certain window
size from the TSS (horizontal axis) in which the motif search was done. Dashed
lines indicate expected hit density from random genomic background. The
window always starts at the gene or enhancer CAGE summits and expands
in the sense direction. nCGI, non-CGI. c, Average nucleotide frequencies
(top panel) and DNase I cleavage patterns (lower panel) of enhancer CAGE
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direction of transcription goes left to right) reveal distinct cleavage patterns
at sequences resembling the INR and TATA elements. d, De novo motif
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This pattern of CAGE peaks was only present in 1 out of  
experimentally verified active enhancers in mouse E11.5
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