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SUPPLEMENTARY	
  TEXT	
  

Overlap	
  between	
  enhancer	
  set	
  and	
  the	
  FANTOM5	
  CAGE	
  tag	
  clusters	
  
Forrest et al1 defined robust CAGE tag clusters (TCs) to find likely promoter 
locations (see Methods in ref 1). This definition is substantially more stringent 
than the one used for CAGE–defined enhancers for which the number of tags 
is typically low.  
Of the CAGE-defined enhancers, only 1784 (4.1%) could be defined by robust 
TCs. In Forrest et al. 1, a machine learning algorithm that predicted mRNA 
promoters (T. Lassman, manuscript in preparation) was run on these TCs. 
Considering only those TCs that were predicted mRNA TSSs, 124 enhancers 
were overlapped (0.3%).    

Supportive	
  external	
  data	
  for	
  CAGE-­‐defined	
  enhancers	
  
We calculated the overlap between bidirectional CAGE peak pairs and 
external data (Supplementary Fig. 8), and used RefSeq TSSs as a reference 
for comparison. The CAGE-defined enhancers overlap pooled ENCODE 
DHSs in 89% of cases, compared to 85% of RefSeq TSSs. Pooled ENCODE 
P300, RNAPII and transcription factors overlap CAGE pairs as often as 
RefSeq TSSs, while 5-9% more of CAGE-predicted enhancer sets are 
overlapped by pooled H3K4me1 and H3K27ac peaks.	
  

Evolutionary	
  conservation	
  of	
  CAGE-­‐defined	
  enhancers	
  
CAGE-defined enhancers are more evolutionarily conserved than randomly 
selected genomic regions but have on average around 2.5-fold lower 
PhastCons conservation scores2 than protein-coding RefSeq TSSs 
(Supplementary Fig. 7a). The conservation is centered at the derived 
enhancer midpoint and rapidly drops to background levels at around +/- 250 
bp, consistent with the width defined by the CAGE tags. We then repeated 
this analysis for facet-specific enhancers; the conservation is roughly equal 
between these, with the noteworthy exception of neural stem-cell specific 
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enhancers, which have low conservation. This is due to an over-
representation of Long Terminal Repeat (LTR) elements in these enhancers; 
repeat regions are generally under-represented in CAGE-defined enhancer 
regions compared to randomly selected genomic regions - see below 
(Supplementary Fig. 7b). 

Analysis	
  of	
  repeat	
  density	
  in	
  enhancers	
  
Repeat data was obtained from the UCSC database and categorized into 
different types according to the classes defined in the "repeat mask" track. For 
both permissive and robust enhancer sets, we calculated repeat counts per 
enhancer in each position within a +/-500 bp window surrounding the center 
positions of enhancers. In general, the incidence of repeats is low, and in 
most cases under-represented compared to randomly selected regions. 
Simple and tRNA repeats are slightly over-represented, but this is based on 
very few counts: 0.35% and 0.55% of the midpoints of enhancers overlap 
tRNA repeats and simple repeats, respectively.  
Since the average footprints might be biased by outliers, we computed the 
percentage of the enhancer regions overlapping different repeat types 
(Supplementary Fig. 7b) for facet-specific enhancers. There is no major 
difference between the facets except neural stem cells that have an over-
representation of LTRs. This is further explored by Fort et al. (Fort et al., 
submitted). 

Comparison	
  of	
  features	
  distinguishing	
  CAGE-­‐defined	
  enhancers	
  and	
  RefSeq	
  
TSSs	
  
We extended the overlap analysis above (the fraction of enhancers being 
covered by ChIP-seq peaks) by additional marks and also split up RefSeq 
TSSs into CpG-island overlapping/non-overlapping (+/-300 bp from the TSS) 
(Supplementary Fig. 8). 
P300, H3K4me1, H3K4me2, H3K9ac, and H3K27ac overlap TSSs and 
enhancers with a substantially higher frequency than random genomic regions, 
but CpG island-overlapping TSSs have the highest overlap, followed by 
enhancers and then non-CpG TSSs. The lower amount of signal at non-CpG 
TSSs is consistent with their more cell-constrained usage, as the ChIP-seq 
data is obtained from only a handful of cell lines, so many of these TSSs 
might not be expressed in these experiments. This claim is supported by the 
RNAPII peak overlap.  
This is also true for H3K9me1, H3K36me3, H4K20me1 marks, but here the 
marks have a different positional distribution, with a stronger signal after the 
TSS for RefSeq TSSs whereas in enhancers the mark is uniformly distributed. 
This makes immediate sense for H3K36me3, and indicates that the enhancer 
RNAs are not actively being elongated. The small subset of ubiquitously 
expressed enhancers shows patterns that are similar, but not identical, to that 
of CpG-overlapping TSSs (see below).  
Other important enhancer features that set them apart from TSSs are the 
balanced bidirectional transcription, and the much lower RNA abundance: the 
median TPM of RefSeq CAGE is 19.7-fold higher than that of enhancers (see 
table below: values are in TPMs). Also see main text for a discussion on RNA 
fates, DNA sequence signal downstream of TSSs and degradation rates.  
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 Min. 1st Qu. Median Mean 3rd Qu. Max. 
RefSeq 
TSSs 

0 25.02 75.97 623 214.7 1638000 

Permissive 
enhancers 

0.3284 2.321 3.838 11.36 8.701 2308 

 

Motif	
  analysis	
  of	
  facet-­‐specific	
  enhancers	
  	
  	
  
We hypothesized that the observed cell type-/tissue-specificity of enhancers is 
regulated on the level of transcription factor binding. Therefore, we identified 
enhancers with significantly higher expression in one facet compared to 
others (Methods); 60% of enhancers are enriched in at least one facet. We 
analyzed all such facet-enriched sets (with >100 enhancers) for over-
represented sequence patterns using HOMER3. In line with current 
knowledge, we find consensus motifs of known key regulators over-
represented in corresponding cell types, for instance ETS, C/EBP, and NF-κB 
in monocyte-specific enhancers, RFX and SOX in neurons, and HNF1 and 
HNF4a in hepatocytes (Supplementary Fig. 23). Strikingly, AP1 and, to a 
lesser extent, ETS motifs appear to be enriched across all facets. 

Features	
  of	
  ubiquitously	
  expressed	
  enhancers	
  (u-­‐enhancers)	
  
We repeated the ChIP overlap study described above, but also broke up 
enhancers into ubiquitous (defined by tissue or cell type facets, resulting in 
247 and 241 enhancers, respectively, these sets overlap by 106 enhancers) 
and non-ubiquitous (Supplementary Fig. 26d), and compared the results to 
RefSeq TSSs, broken up by CpG overlap as above. U-enhancers have 
several features setting them apart from other enhancers as well as canonical 
TSSs: 
First, u-enhancers are highly enriched for P300 and RNAPII ChIP sites 
compared to other regions.  
Second, for CTCF, H3K4me2, H3K4me3, and H3K9ac the overlap fraction is 
high and mirrors that of CpG island-overlapping RefSeq TSSs. H3K79me2 
peaks also overlap equally often with CpG-island RefSeq TSSs and u-
enhancers, but the positional distribution is different: RefSeq TSSs have a 
higher amount downstream while u-enhancers show a distinct double peak. 
Since H3K79me2 is a suggested elongation mark, this may indicate that the 
RNAs from u-enhancers are longer than those of other enhancers, but still 
bidirectionally transcribed (as opposed to canonical protein-coding TSSs, 
whose capped transcription is mostly unidirectional). This is corroborated by 
RNAseq data which shows ~200 nt longer RNAs from u-enhancers (see main 
text). 
Conversely, u-enhancers overlap H3K4me1 and H3K27ac peaks as often as 
other enhancers (and CpG island-overlapping RefSeq TSSs).  
Thus, u-enhancers share features both with CpG island TSSs and canonical 
enhancers but are even more enriched for P300 and have a unique 
H3K79me2 profile.  
Furthermore, they overlap cohesin peaks (defined as the intersection of 
STAG1 and RAD21 chip peaks4) more than other CAGE-defined enhancers, 
and are also more associated with interactions defined by ChIA-PET 
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(Supplementary Fig. 26a, b). A caveat with these results is that since the u-
enhancers are defined to be ubiquitous, they implicitly have a higher chance 
to overlap ChIP-seq peaks or ChIA-PET interactions from a few cell lines than 
non-ubiquitous enhancers.  
Moreover, compared to non-ubiquitous enhancers, the RefSeq TSSs that are 
closest to u-enhancers are more commonly CpG-overlapping and 
(consistently) have lower expression specificity. The TSS-enhancer distance 
also tends to be slightly shorter (Supplementary Fig. 28b). These genes are 
significantly enriched for zink finger transcription factors, membrane bound 
proteins including ion channels, and different biosynthesis pathways, using 
RefSeq TSSs closest to non-ubiquitous enhancers as background 
(Supplementary Table 14) and the DAVID tool5.   	
  

In	
  vitro	
  validation	
  of	
  blood	
  cell	
  enhancers	
  
To ensure that blood-cell specific enhancers displayed in Figure 3 can act as 
enhancers, we validated 39 regions, selected solely based on CAGE 
expression, using enhancer-reporter gene assays in triplicates. We tested the 
ability of enhancer regions (~1kb) to enhance the activity of a basal E2F 
promoter in transient transfections of cell line models for 3 of the cell types: 
THP1 (monocytes), Jurkat (T cells) and Daudi (B cells). B cell, monocyte, and 
T cell-specific enhancers induced a >4-fold increase in reporter gene signal 
relative to the enhancer-less control in 92% (12/13), 55% (6/11) and 33% 
(5/15) of cases in the respective cell line. The validation rate is high 
considering the artificial nature of reporter assays and the fact that leukemia 
cell lines are similar, but not identical to the primary cells. In line with previous 
studies6,7, we also observe cell type-specific DNA demethylation across the 
validated enhancer regions, in addition to strong cell type-specific histone 
signals (Supplementary Fig. 17, and Supplementary Tables 5-8).  
For B cell enhancers which gave positive result, we also removed the E2F1 
promoter and repeated the analysis, to see to what degree the weak TSS 
activity of the enhancer influenced the result, since for these experiments the 
enhancer is placed upstream of the promoter and reporter gene. The median 
contribution of the enhancer was 13% relative to constructs with both 
enhancer and promoter. 	
  

Co-­‐occurrence	
  analysis	
  of	
  TF	
  motifs	
  and	
  peaks	
  in	
  associated	
  enhancer-­‐
promoter	
  pairs	
  
Expression correlation between robust enhancers (n = 38,554) and robust 
DPI promoters (Forrest et al., same issue) within 500 bp of any known 
transcript annotation (n = 93,558) was calculated for all enhancer–promoter 
pairs within 500 kb of each other. Pairs with Pearson correlation >= 0.5 were 
denoted cEPPs and retained for further analysis (n = 56206). Enhancers were 
scanned in a 401 bp window (enhancer midpoint +/- 200 bp) for the presence 
of conserved TFBSs (TRANSFAC motif scans available through the 
tfbsConsSites track from the UCSC Genome Browser) and ENCODE TF-
ChIP signal (wgEncodeRegTfbsClusteredV2 track). Similarly, FANTOM5 
CAGE-inferred promoters (regardless of annotation) were searched in a 1 kb 
window (TC CAGE summit position +/- 500 bp). For each individual motif or 
TF, the probability of finding it in a randomly picked enhancer–promoter pair 
was calculated as the product of the overlap frequency of the motif/TF in 
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enhancers and promoters separately. This probability was used along with the 
number of cEPPs (“trials”) and observed co-occurrences (“successes”) in a 
binomial test to determine whether the motif/TF was co-occurring in cEPPs 
more than would be expected by chance, with multiple testing correction using 
the Benjamini-Hochberg method. Out of 253 motifs, 169 (67%) were co-
occurring in cEPPs to a significantly higher degree than expected by chance 
(FDR 5%). Similarly, a majority (94 out of 112, 84%) of TF binding as 
represented by TF-ChIPs obtained from the ENCODE project co-occurred in 
cEPPs significantly more often than expected by chance. 

GWAS	
  SNPs	
  within	
  enhancer	
  regions	
  
Individual examples of likely regulatory SNPs are shown in Supplementary 
Figure 32, including SNPs associated to diabetic nephropathy, Crohn's 
disease, multiple sclerosis and systemic sclerosis all overlapping enhancers 
close to the TSSs of nearby genes which also are implicated in respective 
disease8-10. Many of the potential interactions are verified by ChIA-PET data 
(Supplementary Fig. 29a). While the Crohn's disease SNP was recently 
shown to overlap corresponding hypersensitive sites, this analysis adds the 
interaction with the PTGER4 gene and detailed expression over the whole 
body.  
While more thorough experiments are needed to infer the exact functional 
impact of these variations within enhancers, this study highlights the 
possibility of using the enhancer set to infer the function of non-coding SNPs 
that are otherwise hard to characterize. We project that similar approaches 
combined with SNPs from the 1000 genome project data will be fruitful, ideally 
in combination with high-throughput targeted assays that pinpoint the effect of 
single nucleotide changes in enhancers11.  
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factor binding, H3K4me1, H3K4me3 and H3K27ac ChIP-seq, DHS data and PhastCons43 con-
servation. 

Supplementary Figure 1
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Supplementary Figure 2

a, CAGE and chromatin profiles over enhancers defined by HeLa-S3 (left), GM12878 (middle) and K562 (right) 
ENCODE ChIP-seq data 
CAGE data are from respective cell lines. Details as in Figure 1a, focusing on P300 sites that are close to H3K4me1 
and H3K27ac ChIP-seq peaks. For GM12878 and K562, midpoints are derived from NFKB and GATA1 binding sites, 
respectively, close to P300, H3K4me1 and H3K27ac ChIP-seq peaks from the same cell line. 
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b, Directionality of capped transcription
Densities of transcribed strand bias (directionality) 
at annotated TSSs and chromatin-defined 
enhancers in GM12878 (left) and K562 (right) cells 
as in Figure 1b. 
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c, Directionality vs. CpG overlap
Directionality (strand bias) of transcription in HeLa cells at 
RefSeq mRNA TSSs, as in Figure 1b but breaking up the 
TSSs on their overlap with CpG islands (CGIs). The direc-
tionality is unaffected, and the large majority of TSSs are 
close to unidirectional regardless of CpG content. 
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a, CAGE cross-correlation of opposite strands 
CAGE forward strand vs. CAGE reverse strand cross correlation at HeLa (left) and GM12878 (right) enhancers 
(ChIP-seq derived) shows that minus strand CAGE tags are most likely 180 bp upstream of plus strand CAGE tags 
(lag -180: pink line). Unique tags from pooled samples were used. This means that the typical CAGE-defined bound-
ary is 180 bp. 

c, CAGE vs MNase-seq cross-correlation
CAGE vs 5' ends of MNase-seq (nucleosome) reads 
cross-correlation using ENCODE GM12878 
MNase-seq data (9 pooled replicates) at GM12878 
enhancers (ChIP-seq derived). The highest correla-
tion is observed close to 0 lag suggesting that 
transcription initiates at the nucleosome boundary.

b, CAGE vs H2A.Z cross correlation
CAGE vs H2A.Z cross correlation at HeLa (left) and GM12878 (right) enhancers (ChIP-seq derived) shows that 
H2A.Z signal from respective cells is most likely 73 bp downstream of CAGE tags (pink line). Assuming that 
ENCODE signal summits are at the mid point of nucleosomes, that are likely around 147 bp, this means that initia-
tion starts just at the boundary of nucleosomes. Also see panel c as well as DNase I cleavage cross-correlations in 
Supplementary Figure 4, supporting the same hypothesis.  
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a, CAGE expression of predicted 
ENCODE enhancers with or 
without enhancer signal
Box-and-whisker plots of TPM-nor-
malized CAGE tag counts (vertical 
axis) in 401 bp windows centred on 
mid points of ENCODE-predicted 
enhancers. The expression of 198 
out of 738 K562 enhancers and 307 
out of 1136 HepG2 enhancers with 
significant enhancer reporter activity 
are plotted separately from the 
non-significant ones. It is clear that 
ENCODE enhancers with significant 
enhancer reporter expression are 
more transcribed than inactive ones.

b, ENCODE predicted  enhancer 
counts vs CAGE expression
The number of ENCODE enhancers 
(vertical axis) as a function of 
increasing CAGE TPM thresholds 
(horizontal axis).

c, ENCODE predicted enhancer 
FDR as a function of CAGE 
expression
The fraction of false positives (verti-
cal axis) as a function of increasing 
CAGE TPM thresholds (horizontal 
axis), calculated as the fraction of 
non-significant enhancers among 
those fulfilling a given expression 
cutoff. The original sets (with no 
expression cutoff) have fractions of 
false positives of 0.730 and 0.731 for 
HepG2 and K562, respectively.
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a, Conceptual image illustrating the definition of bidirectionally transcribed loci
Bidirectionally transcribed loci were defined from CAGE tag clusters (TCs) supported by at least 
two CAGE tags in at least one sample (TCs defined in Forrest et al.). Only TCs not overlapping 
antisense TCs were used. We identified divergent (reverse-forward) TC pairs separated by at 
most 400 bp and merged all such pairs containing the same TC, while at the same time avoiding 
overlapping forward and reverse strand transcribed regions (prioritization by expression ranking). 
A center position was defined for each bidirectional locus from the mid position between the 
rightmost reverse strand tag cluster (TC) and leftmost forward strand TC included in the merged 
bidirectional pair. Each bidirectional locus was further associated with two 200 bp regions 
immediately flanking the center position, one (left) for reverse strand transcription and one (right) 
for forward strand transcription, in a divergent manner. The merged bidirectional pairs were 
further required to be bidirectionally transcribed (CAGE tags supporting both windows flanking 
the center) in at least one individual sample, and to have a greater aggregate of reverse CAGE 
tags (over all FANTOM5 samples) than forward CAGE tags in the 200 bp region associated with 
reverse strand transcription, and vice versa. 

b, Correlation between sample directionality and estimating directionality over all 
samples
Box and whisker plots of directionality scores calculated for individual samples binned by the 
directionality score for all (aggregated) samples shows that pooled directionality is a good 
estimator of the directionality of individual samples. 

Supplementary Figure 6
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a, HeLa enhancer reporter assays for enhancer candidate regions defined by CAGE, chromatin or DHS signa-
tures. The vertical axis shows the average Firefly/Renilla signal of respective regions (~ +/- 250 bp from their center) 
divided by the corresponding average signal from 8 randomly selected genomic regions. Error bars indicate the standard 
error of the mean over three independent transfections. Each bar corresponds to one predicted enhancer, split up by 
prediction method and, in the case of CAGE, also expression strength. Bars are sorted by vertical axis values within each 
group. Bar color indicates the results of a t-test vs. random genomic regions.

b-c, Influence of enhancer read-through. Histograms 
showing influence of read-through from enhancer transcrip-
tion vs. the full construct, measured by calculating the ratio 
between pairs of promoter less and full (enhancer + basal 
promoter) constructs. All values are normalized by Firefly-
/Renilla ratios. b shows read-through for HeLa cell valida-
tions, c for HepG2. In both cases, the median is below 3%. 

d, pGL4.10[luc2] Vector. Large-scale in vitro validations 
on randomly selected enhancers were performed using 
Firefly/Renilla luciferase reporter plasmids with enhancer 
sequences cloned upstream of an EF1α basal promoter 
separated by a synthetic polyA signal/transcriptional 
pause site in a modified pGL4.10 (Promega) vector. Full 
details are provided in the Supplementary Methods online.
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a, HepG2 enhancer reporter assays for enhancer candidate regions defined by CAGE, chromatin or DHS signatures. 
The vertical axis shows the average Firefly/Renilla signal of respective region (~ +/- 250 bp from its center) divided by the 
corresponding average signal from 8 randomly selected genomic regions. Error bars indicate the standard error of the 
mean over three independent transfections. Each bar corresponds to one predicted enhancer, split up by prediction 
method and, in the case of CAGE, also expression strength. Bars are sorted by vertical axis values within each group. Bar 
color indicates the results of a t-test vs. random genomic regions.
b, Summary of success rate of the HepG2 validations of selected groups in panel a. Vertical axis shows the percent-
age successes (t-test, P<0.05 vs. random regions). Numbers within bars indicate the number of successes. The success 
rates are much lower than in HeLa overall since the enhancers were selected based on HeLa expression; however, the 
general trend that transcribed enhancers have higher validation rates than untranscribed ones is still evident. 
c, Overlap between CAGE-defined enhancers and ENCODE state segmentations. Fraction of CAGE-defined 
enhancers expressed in ENCOCE cell lines by at least 2 out of 3 replicates (in matching cells) that overlap ENCODE 
segmentation states (combined results of Segway and ChromHMM).
d, Summary of success rate of the HeLa validations as a function of ENCODE state overlap
Succes rates are shown as in Figure 1c, but with CAGE-predicted enhancers broken up according to overlap with 
ENCODE ‘TSS’ and ‘strong enhancer’ predictions. Vertical axis shows the percentage successes (t-test, P<0.05 vs. 
random regions).
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Transcript/RNA type
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GENCODE (v10) protein−coding transcript (genomic)
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enhancer transcript (genomic)
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Supplementary Figure 11

a-c, Lengths of transcripts from enhancer and mRNA TSSs
Distributions of genomic lengths of Cufflinks transcripts (dotted lines) and also derived nucleotide lengths of (intron-less) 
RNAs (solid lines), inferred from RNA-seq (total RNA) in CD8+ T cells (a), CD19+ B cells (b) and fetal heart tissue (c) whose 
5' ends originate from CAGE-defined enhancers or promoters of GENCODE (v10) protein-coding gene transcripts. RNA-seq 
was run on the same samples analyzed with CAGE within FANTOM5. Enhancer RNAs are clearly shorter than mRNAs. 
Note also the clear separation between RNA length and genomic transcript length for protein-coding genes, which is in 
strong contrast with enhancer RNAs that are most often unspliced.
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e, RNA fractionation and polyA selection show that most 
enhancer RNAs are nuclear and non-polyadenylated
Using ENCODE HeLa-S3 CAGE data, we calculated the 
number (vertical axis) of HeLa-S3 enhancers (expressed in at 
least 2 out of 3 FANTOM5 HeLa-S3 replicates) whose RNAs 
were nuclear, cytosolic, poly-adenylated and non-polyadenylat-
ed at increasing TPM threshold (horizontal axis). Fractions 
were then calculated. The nuclear fraction was calculated as 
the fraction of enhancers with nuclear or cytoslic RNAs that 
were nuclear and similarly for cytoslic fraction, PolyA+ fraction 
and PolyA- fraction.
Nuclear fraction = #nuclar / #(cytosolic or nuclear)
Cytosolic fraction = #cytosolic / #(cytosolic or nuclear)
PolyA+ fraction = #polyA+ / #(polyA+ or polyA-)
PolyA- fraction = #polyA- / #(polyA+ or polyA-)

eDe novo motif downstream 
nCGI–TSS versus enhancer–TSS:
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d, Over-representation of RNA processing motifs 
around enhancers and mRNA TSSs. 
De novo motif finding identifies the 5’ splice site motif (5’SS) 
as over-represented around RefSeq TSSs vs enhancer 
TSSs (top logo). Counting the number of 5’SS motif occur-
rences around respective TSSs shows that this over-repre-
sentation is located in the first 100 bp of mRNA transcripts 
but is not present around enhancers (left panels). 
Conversely, the transcription termination motif is depleted 
downstream of RefSeq TSSs but not enhancer TSSs (right 
panels). 
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Locations of small RNAs (sRNAs) at enhancer and mRNA TSSs
a, Distributions of CD19+ B cell CAGE 5’ ends (corresponding to capped >100 nt long RNAs) centered on the CAGE 
sense strand summits of RefSeq mRNA TSSs (upper right) and forward strand summits of enhancer TSSs (upper 
left), and CD19+ B cell RNA (uncapped 18-30 nt RNAs ) 3’ and 5’ ends in the same locations (lower panels). The 
vertical axis shows CAGE or sRNA tags/bp, but only 1 tag from any unique nucleotide is counted to avoid undue 
influence of outliers (truncated signal).  
b, Average cross-correlation between CAGE 5’ ends and sRNA 3’ signal as a function of the shift (lag) between the 
two datasets in bp, for enhancer CAGE summits (top panels) and RefSeq TSS CAGE summits (lower panels) The 
right panels show zoom-ins of lags between -10 and +50. For both enhancer and RefSeq TSSs, the most common 
lag is between 30 and 35, consistent with previously described TSS-associated small RNAs (e.g. Valen et al., Taft et 
al.). That means that both enhancer TSSs and RefSeq TSSs have the same properties in terms of emitting small 
RNAs. 
c, As in panel a, but for CD8+ T cells
d, As in panel b, but for CD8+ T cells
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Supplementary Figure 12
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Supplementary Figure 13

a, Similarity of GC profiles around 
mRNA TSSs and enhancer TSSs
Mean GC dinucleotide content 
anchored on RefSeq enhancers 
overlapping/not overlapping CpG 
islands, and the dominant peaks of 
enhancer CAGE tags.  
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b, Preferential conservation of de novo motifs found in enhancers and mRNA TSS regions
Each panel shows PhastCons conservation of the genomic regions around motif hits in enhancers, nonCGI 
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Supplementary Figure 14

CAGE-defined HeLa enhancers
found only in MTR4-
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c b-c, Overall effects of hMTR4 deple-
tion
Distributions of CAGE expression fold 
changes vs. control (vertical axis) 
when depleting the exosome (hMTR4 
gene)  at 
b, RefSeq TSSs (sense and 
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c, RefSeq TSSs (sense and antisense) 
overlapping CpG islands (CGI) or not 
(non-CGI).

e, Chromatin features of hMTR4- 
enhancers
Histone modification strengths at HeLa 
enhancers detected in WT HeLa (right) 
and only after MTR4 depletion (left). All 
data are from HeLa cells. 

d, Correlation between hMTR4- and 
hMTR4+ expression
The number of HeLa CAGE tags 
(TPMs) within enhancers after deple-
tion of hMTR4 (vertical axis, log10 
scale) vs. WT control HeLa (horizontal 
axis, log10 scale).
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CD8+ T cells

Monocytes

NK cells

CD19+ B cells

CD4+ T cells

Overlap between CAGE, DHSs and chromatin marks in blood cells
The majority of regions characterized by bidirectional CAGE peaks 
overlap with sites that show the chromatin marks H3K27ac and 
H3K4me1 and DNase I hypersensitivity (DHS). In contrast, most DHSs 
do not show enhancer-associated chromatin marks nor do they overlap 
with bidirectional CAGE tags.

a, Fraction of bidirectional CAGE pairs or DHSs from a given blood cell 
type supported by H3K27ac and H3K4me1 or DNase/CAGE data from 
the same cells, filtered for known TSSs, exons and ncRNAs.  
b, The Venn diagrams depict the overlap of these four characteristics 
(CAGE, H3K4me1, H3K27ac, DHS) for five blood cell types. 

Peak-calling of DHSs and of H3K27ac and H3K4me1 ChIP-seq signals 
was performed on pooled data for the five cell types to define peak 
region boundaries. Subsequent signal quantification and testing for 
significant signal above background was done per cell type (see Supple-
mentary Methods for details).

Supplementary Figure 15
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Histone mark signals of enhancers detected 
by H3K4me1 and H3K27ac, with or without 
CAGE.
For each blood cell type, we detected enhancers 
based on H3K4me1 and H3K27ac (see meth-
ods) and CAGE independently. We then plotted 
the average ChIP-seq signal of H3K4me1 and 
H3K27ac around the center of the enhancers 
that were detected by only H3K4me1 and 
H3K27ac (left panels), or by both H3K4me1 and 
H3K27ac as well as CAGE (right panels) in 
monocytes (a), CD4+ T cells (b), CD19+ B cells 
(c), CD8+ T cells (d), and natural killer (NK) cells 
(e).
Enhancers only detected by H3K4me1 and 
H3K27ac have the lowest average ChIP-seq 
signals. In particular, H3K27ac show big chang-
es between untranscribed and transcribed 
enhancers. Enhancers detected by both 
approaches consistently have high enhancer-
associated histone modification signals. 

Supplementary Figure 16
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Supplementary Figure 17

a, In vitro validation of enhancers detected in blood cells. 
Validation of the activity of 39 CAGE-defined blood enhancers in three corresponding cell line models. Bar plots show 
relative luciferase signals (putative enhancer plus promoter versus EF1 promoter alone), in cell lines corresponding to 
T cells (Jurkat), monocytes (THP-1), and B cells (Daudi). Relative values are means ± SD (n≥3). Each column 
represents one enhancer trial in all three cells. Below, methylation of CpGs, CAGE on both strands, DHS, H3K4me1 
and H3K27ac signals are shown as a heat map. Enhancer constructs showing at least 4-fold higher activity (compared 
to the promoter alone) are marked with a hash.

b, Enhancer versus promoter induced reporter gene transcription. 
To distinguish enhancer read-through from enhanced promoter-initiated luciferase transcription, B cell enhancer 
constructs were compared with corresponding constructs lacking the EF1 promoter. Bar plots show relative luciferase 
signals (values are means ± SD; n=3) for complete enhancer-promoter constructs (red bars), promoter-deleted 
constructs (yellow bars), and corrected values (complete enhancer-promoter value minus promoter-deleted value, 
purple bar). Median read-through activity was less than 10% of the total signal, validating the true enhancer activity of 
these regions.
c, Reporter gene TSS-usage. 
To determine TSS usage in enhancer-promoter reporter constructs, we performed 5’RACE PCR using a 
luciferase-specific primer. RACE products for control vectors (CMV-EF1 and EF1 alone), enhancer constructs [1-13] as 
well as a negative control (H2O) were separated on a 2% agarose gel. The major TSS in the majority of samples 
corresponds to the expected TSS downstream of the EF1 promoter, suggesting that these assays measure ‘true’ 
enhancer activity.
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Supplementary Figure 18
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Supplementary Figure 19

a, Agglomerative hierarchical clustering 
of primary cell samples by enhancer 
expression
As in Supplementary Figure 18, but for 
primary cell libraries. Subtrees of anatomi-
cally or functionally related cell types are 
colored. 

b, Enhancer activity of reporter 
constructs in mosaic transgenic 
zebrafish embryos
Percentage of zebrafish injected embryos at 
48 hpf showing tissue specific expression 
(driven by human CRE1-3, red bars) and 
unspecific expression coming from the 
enhancer-less gata2 promoter containing 
vector (blue bars). For detailed expression 
patterns refer to Supplementary Table 9.
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a-c) Validations of in vivo activity of CAGE-defined human enhancers 
CRE1-3 in zebrafish embryos at long-pec stage. 
The image extends Figure 4 with UCSC browser sub-panels. 
Each collection of panels show: 
i) Top left, a UCSC genome browser image depicting the genome landscape 
around the validated enhancer (indicated by a red arrow) in human, with 
enhancer-TSS expression correlations shown as horizontal bars with the 
Pearson correlation coefficient in the middle circle. Red lines indicate 
interactions supported by ENCODE (RNAPII mediated) ChIA-PET interaction 
data. 
ii) Top right: CAGE expression in TPM in human tissues/cell types for the 
enhancer. Note the correspondence between zebrafish and human enhancer 
usage/expression in the two subpanels below. 

iii) Below: representative YFP and brightfield images of embryos injected with 
the human enhancer gata2 promoter reporter gene construct. Muscle (mu) 
and yolk syncytial layer (ysl) activities are background expression coming from 
the gata2 promoter-containing reporter construct. All images are lateral, head 
to the left. Right image shows YFP zoom-ins described below. 
a, CRE1, ~230kb upstream of the MEFC2 gene, drives highly robust expres-
sion in the brain (brain) and neural tube (nt). Right panel gives zoom-in overlay 
image showing expression in the forebrain (fb), midbrain (mid), hindbrain (hin) 
and spinal cord (sp).
b, CRE2, 5kb upstream of the POU3F2 gene, is active in the floor plate (fp). 
Right panel is a zoom-in overlay image. 
c, CRE3, 10kb upstream of the SOX7 gene TSS, shows specific expression in 
the vasculature (including intersegmental vessels (iv), dorsal vein (dv) and 
dorsal aorta (da)). Details are shown in the right panel.

Supplementary Figure 20
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a, Relation between expression specificity and number of enhancers and genes
The number of detected enhancers per million mapped CAGE tags within each group of related libraries (“facets”) is shown as 
box plots in the upper panel. The specificity of the enhancers is shown as a heatmap in the next panel below, where 1 indicates 
facet-exclusive expression. Colors show the fraction of expressed enhancers that are in each specificity range. Corresponding 
plots are shown for CAGE-detected RefSeq TSSs in the two lowest panel rows. Green arrows indicate samples that have enhanc-
ers with higher sample-specificity than others, blue and red arrows show samples with unusually high or low number of detected 
enhancers. 

b, Correlation between gene 
and enhancer counts
Relationship between number of 
detected enhancers (vertical 
axes) and genes per million 
mapped tags (horizontal axes), in 
cell type (left panel) and 
tissue/organ (right panel) facets. 
Facets outside of the 90% confi-
dence region (grey) of the regres-
sion line (blue) are labeled in the 
cell type plot; all facets are labeled 
in the organ/tissue plot. 

Supplementary Figure 21
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e-f, Relationship between MTR4 expres-
sion and number of detected enhancers
e, The vertical axis shows the number of 
detected enhancer per million mapped reads 
as a function of the MTR4 expression (hori-
sontal axis) in TPM over all primary cell 
samples. 
f, As previous plot, but using MTR4 expres-
sion and number of enhancers per million 
mapped reads over cell type facets instead of 
individual libraries.
There is no clear relationship between these 
two variables.  
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for promoters and enhancers. 
Horizontal axes show the normalized expres-
sion specificity, where 0 is ubiquitous and 1 is 
facet-exclusive expression. Vertical axes 
show the count of enhancer/promoters. 
Shown are specificities calculated from cell 
type facets (a) organ/tissue facets (b). 
Enhancers are generally more specific than 
promoters.  

d, Relation between maximal expression 
and sample specificity
Distribution of maximal expression of enhanc-
er (TPM) over facets (vertical axis), broken up 
by specificity of enhancer (horizontal axis: 10 
equally large groups starting from lowest (left) 
to most specific (right)) . 

Supplementary Figure 22
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c, Relationship between the number of 
enhancers detected and expression 
specificity. The horizontal axis divides cell 
type facets into 5 equally large groups based 
on the quintiles of the number of detected 
enhancers per million mapped CAGE tags. 
The vertical axis gives the expression speci-
ficity as in panel a. Each grey dot indicates 
one enhancer within respective group. 
Colored lines (violins) show the overall 
distribution of the specificity scores as densi-
ties for each group. The fifth group has 
significantly higher cell specificity than any 
other group 
(P < 2e-16, Mann-Whitney U test). 
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Comprehensive agglomerative hierarchical clustering of motif over/under-representation in 
facet-specific enhancers, using Euclidean distance and complete linkage
We used HOMER on each facet-over-represented enhancer set which had at least 100 enhancers. 
Columns represent different TF models (motifs) that are scanned over the region. Colors indicate the 
number of hits vs background, log-scaled. Boxes show one or several TFs being over-represented in one 
or more facets, labeled by the TF name. Specific blocks of over-represented motifs are indicated with 
rectangles. Note the general over-representation of AP1-like motifs in almost all facets. 
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Supplementary Figure 24

a, Global clustering of individual enhancer expression over all cell type facets. 
Heat map ordered by hierarchical clustering of enhancers based on cell type facet data. Columns represent 
~22,500 robust enhancers (the whole set of robust enhancers are not used due to computational limitations), 
rows represent cell type facets. Black columns separate five subclusters (based on the cutree method). The third 
cluster shows high expression over almost all cell types. 

b, CG content of subgroups identified in clustering
Distribution of observed vs expected CG dinucleotide content of the +/- 300 bp region from each enhancer 
midpoint in each cluster. Note that all enhancer groups are CpG depleted except cluster 3. 

c, CpG island overlap of subgroups identified in clustering
As in panel b, but plotting the fraction of overlap with CpG islands. 
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Enhancers clustered by tissue/organ facet expression
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a, Global clustering of individual enhancer expression over all organ/tissue facets. 
Heat map showing hierarchical clustering of enhancers based on organ/tissue facet data. Columns represent 
~22,500 robust enhancers (the whole set of robust enhancers are not used due to computational limitations), 
rows represent organ/tissue facets. Black columns separate five subclusters (based on the cutree method). The 
first cluster shows high expression over almost all tissues. 

b, CG content of subgroups identified in clustering
Distribution of observed vs expected CG dinucleotide content of the +/- 300 bp region from each enhancer 
midpoint in each cluster. Note that all enhancer groups are CpG depleted except cluster 1. 

c, CpG island overlap of subgroups identified in clustering
As in panel b, but plotting the fraction of overlap with CpG islands. 
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Supplementary Figure 25
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tively) that overlap various ENCODE ChIP-seq peaks (panels). Horizontal axes show the +/- 5000 bp region around the TSS 
or enhancer center. Ubiquitous enhancers are defined either by tissue of cell type facets (but overlap substantially). Notice 
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Overlap between ubiquitous and non-ubiquitous enhanc-
ers defined by tissue or cell type facets and cohesin 
(RAD21 and STAG1) ChIP-seq peaks (+-300 bp).  

b, Overlap with ChIA-pet interactions
Number of ChIA-pet interactions to promoters per 
enhancer. Non-ubiquitous enhancers are shown for refer-
ence. 

c, Conservation of  u-enhancers
Average PhastCons43 conservation/bp of the genomic 
regions around RefSeq TSSs (left), broken up by CpG 
island overlap, and enhancers (right) broken up by 
ubiquitous/non-ubiquitous expression. 
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Supplementary Figure 27
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Supplementary Figure 29
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a, Correlation between physical 
enhancer-TSS interactions and expres-
sion association scores
Fraction of predicted enhancer-TSS associa-
tions supported by ENCODE ChIA-PET 
interaction data from four cell lines (vertical 
axis), as a function of Pearson correlation 
coefficient cutoff (horizontal axis)

b, Enhancer inclusion in minimal 
enhancer-TSS models as a function of 
proximity 
Inclusion rate of enhancers in 'optimally' 
reduced (lasso-based shrinkage) regression 
models explaining TSS expression with as 
few enhancers as possible, as a function of 
enhancer proximity (1 is closest). The first 
enhancer is included in ~61% of models

c, Number of enhancers included in 
minimal enhancer-TSS models  
Histogram showing how many enhancers 
that are included in the models in panel b. 
Most models include 1-3 enhancers out of 10 
possible.

 

a

b

c

D
d, Usage of ‘redundant’ enhancers
Proportion of TSS architectures with i) multiple 
enhancers that have similar expression patterns 
(redundant enhancers, green) or ii) two or more 
enhancers that have divergent expression 
patterns but together explain the TSS expression 
(blue). Vertical axis shows the highest observed 
enhancer-enhancer correlation within a model. 
Horizontal axis shows the proportional contribution 
of the enhancer to the complete TSS expression 
model (including all 10 considered enhancers).
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a, Example of recapitulation of many-to-many TSS-enhancer interactions at the beta-globin locus. Enhancers (known 
LCR HS regions) are indicated in yellow (the fourth from the left overlaps CAGE tags but does not satisfy the balanced bidirec-
tional transcription criterion). Horizontal bars indicate significant correlations between enhancer and TSS CAGE expression; 
red bars indicate additional ChIA-PET support. Numbers within circles indicate enhancer-TSS correlations (Pearson’s r). 
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b, Example of enhancer sharing by two 
related genes at the DLX1-DLX2 locus. The 
DLX locus exemplifies two related genes that 
share an array of enhancers in between them.
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Supplementary Figure 30

c, Example of multiple genes from a protein complex sharing few enhancers at the ADH gene cluster locus. The 
alcohol dehydrogenase locus includes multiple genes which work within the alcohol dehydrogenase complex, and are 
co-expressed. In this locus, the number of genes is greater than the number of enhancers, and the enhancers are linked 
to many TSSs. 
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Expression facet over-representation in selected GWAS sets. Odds ratios of observed vs expected overlap of 
enhancers significantly expressed in facets with GWAS lead and proxy (r2 > 0.8) SNPs associated with six different 
diseases (panels).

Supplementary Figure 31
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Examples of disease-associated SNPs overlapping enhancers. UCSC genome-browser images showing examples of 
enhancers overlapping disease-associated SNPs (yellow highlights) for diabetic nephropathy (a), Crohn’s disease (b), 
multiple sclerosis (c), and systemic sclerosis (d). In all cases, the enhancer is significantly associated with nearby gene 
TSSs (grey horizontal bars, red if also supported by ChIA-pet data). These enhancers are expressed in the relevant cell 
types; bar plots on the right show top facets in which the enhancer is significantly expressed in at least one sample.
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Supplementary Figure 33

a

b

In vitro validation of regulatory SNPs within enhancers.
Selected enhancers overlapping GWAS SNPs were cloned into plasmids (one plasmid per SNP) and evaluated 
for in vitro enhancer activity, as in Supplementary Figure 17. Each set of panels shows the enhancer as a 
genome browser picture, and then the relative luciferase signal, normalized so that the allele with the highest 
activity had signal 100. All of these differences are statistically significant (P<0.05, t-test).
a, The rs947474 SNP is associated with diabetes and the G variant has a ~50% reduction in enhancer activity in 
THP1 cells .
b, The rs11742570 SNP is associated with Crohn’s disease and the T variant has a ~10% reduction in enhancer 
activity in Daudi cells. 
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Supplementary Figure 33

a

b

In vitro validation of regulatory SNPs within enhancers.
Selected enhancers overlapping GWAS SNPs were cloned into plasmids (one plasmid per SNP) and evaluated 
for in vitro enhancer activity, as in Supplementary Figure 17. Each set of panels shows the enhancer as a 
genome browser picture, and then the relative luciferase signal, normalized so that the allele with the highest 
activity had signal 100. All of these differences are statistically significant (P<0.05, t-test).
a, The rs947474 SNP is associated with diabetes and the G variant has a ~50% reduction in enhancer activity in 
THP1 cells .
b, The rs11742570 SNP is associated with Crohn’s disease and the T variant has a ~10% reduction in enhancer 
activity in Daudi cells. 
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