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Table 1 | Summary of peaks, coverage and genes hit in FANTOM5

Human Mouse
Peaks Stranded genome Number of Genes  Peaks Peaks Stranded genome Number of Genes Peaks
coverage (bp) aligned reads hit per coverage (bp) aligned reads hit per
gene gene
The whole - 6.2 %109 100% 45x10° 100% — — — 53x10° 100% 19x10° 100% — —
genome
‘Permissive’ 1,048124 14 x107 022% 36x10° 80% 20808 — 652860 84 x10° 016% 15x10° 79% 20480 e
CAGE peaks
(A) Within 245514 43 x10° 007% 3.0x10° 68% 20808 118 146185 25x10° 005% 13 x10° 69% 20480 7l
500 bp of
annotated 5'
(B) TSS 217572 40x10° 0.06% 29x10° 649% 18503 — 129466 24 x10° 005% 1.0x10° 52% 17,088 =
classifier
positive
(AorB) Likely 308214 53 x10° 009% 32x10° 72% 20808 — 173564 3.0x10° 006% 14x10° 70% 20480 —
TSS
‘Robust’ CAGE 184,827 39x10° 006% 35x10° 77% 18961 — 116277 25x10° 005% 14x10° 75% 19,001 -
peaks
(A) Within 82,150 2.2 %10° 004% 30x10° 66% 18961 43 61,134 16x10° 003% 13x10° 68% 19001 3.2
500bp of
annotated 5’
(B) TSS 76,445 21x10° 003% 29x10° 63% 17,285 — 51,611 1.4 x10% 003% 99x10° 51% 16,028 o
classifier
positive
(AorB)Likely 92,783 24x10° 004% 32x10° 70% 18961 — 77674 1.7 x10% 003% 13 x10° 69% 19,001 -
TSS
Cross-species 70,351 1.6 x10° 003% = — — - 105,157 24 x10° 0.04% — — = Al
projected
robust peaks
'Homologous’ 34,041 1.0 x10° 0.02% — = s = 42,423 13 x10° 0.02% = — ot —

robust peaks

confirmed this general observation (Extended Data Fig. 2), however,
for the first time the greater depth of sequencing enabled identification
of the preferred TSS within broad promoters. Taking each library in
turn, using the location of the dominant TSS (that is, the TSS with the
highest number of tags), we searched for phased WW dinucleotides
(AA/AT/TA/TT) associated with nucleosome location'* (Extended Data
Fig. 2). Remarkably, on a genome-wide scale, there was a periodic spacing
of WW motifs with a 10.5 bp repeat downstream of the dominant TSS,
exactly as shown previously for well-phased H2A.Z nucleosomes'*
(Extended Data Fig. 2d). The precise phasing was supported further
by the pattern of H2A.Z and H3K4me3 chromatin immunoprecipita-
tion sequencing (ChIP-seq) signal seen around TSS in CD14™ mono-
cytes and frontal lobe respectively (Extended Data Fig, 2e, f). This
observation indicates that the positioned nucleosome is a key indicator
of start site preference in broad promoters.

Expression levels and tissue specificity

The raw tag counts under the DPI peak coordinates were used to gen-
erate an expression table across the entire collection. Normalized tags
per million (TPM) were then calculated using the relative log expres-
sion (RLE) method in edgeR". Almost all peaks (96%) were repro-
ducibly detected above 1 TPM in at least two samples, but most were
detected in less than half the samples. Examining the distribution of
expression level and breadth across the collection, we classified the 185K
robust human peak expression profiles as non-ubiquitous (cell-type-
restricted, 80%), ubiquitous-uniform (‘housekeeping’, 6%) or ubiquitous-
non-uniform (14%) (Fig. 2a, b). We define ubiquitous as detected in
more than 50% of samples (median >0.2 TPM) and uniform as a less
than tenfold difference between maximum and median expression. Esti-
mation using the smaller mouse expression data set or human primary
cell, cell line or tissue data subsets resulted in different fractions, yet in
all cases ubiquitous-uniform expression profiles were in the minority
(Extended Data Fig. 3a-¢). Alternative measures such as richness index
and Shannon entropy confirm that only a minor fraction of transcripts
can be considered as genuine housekeeping genes with broad and uniform
expression (Supplementary Note 4 and Supplementary Table 4 for a
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list of housekeeping genes). In addition many of the 1,225 known genes
that were missed in the collection are known to be specifically expressed
in cell types that are not easily procured; indicating that even more of
the mammalian transcriptome has a cell-type-restricted expression
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Figure 2 | Cell-type-restricted and housekeeping transcripts encoded in the
mammalian genome. a, Density plot summarizing the distribution of relative
log expression (RLE) normalized maximum and median TPM expression
values for the 185K robustly detected human peaks identified by FANTOMS
(colour bar on right indicates relative density). Box and whiskers plots above
and to right show distribution of median and maximum values in the data
set (box shows the interquartile range). Promoters of named genes are
highlighted to show extremes of expression level and expression breadth, note
the alternative promoters of IRF9 and TRMT5 have different maximums and
breadths of expression (see Extended Data Fig. 10). Fraction on left of the
red vertical dashed line corresponds to peaks detected in less than 50% of
samples with non-ubiquitous (cell-type-restricted) expression patterns
(median <<0.2 TPM). Fraction below the red diagonal dashed line corresponds
to ubiquitous-uniform (housekeeping) expression profiles (maximum

< 10X median). Fraction above diagonal and to the right of the vertical dashed
lines corresponds to ubiquitous-non-uniform expression profiles (maximum
> 10X median). b, Box and whisker plots showing the distribution of
expression levels for the same peaks as in a across the 889 samples (box shows
the interquartile range).
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pattern (Supplementary Note 3). In overview, the data confirm the argu-
ment that most genes are regulated in a tissue-dependent manner'®.
According to Gene Ontology enrichment analysis'” of genes within
each of the three classes (Supplementary Table 5), the non-ubiquitous
genes were enriched for proteins involved in cell-cell signalling, plasma
membrane receptors, cell adhesion molecules and signal transduction,
whereas genes in the housekeeping set were enriched for components of
the ribonucleoprotein complex and RNA processing. The ubiquitous-
non-uniform set was enriched for cell cycle genes, with 204 of the 268
human genes annotated with the ‘mitotic cell cycle’ term, a reflection of
the fact that the fraction of actively proliferating cells inevitably varies
greatly across the collection.

Finally, of the 104,859 peaks expressed at 10 TPM (~3 copies per
cell'®) or greater, an average primary cell sample expressed a median of
8,757 including peaks for 430 transcription factor mRNAs (Extended
Data Fig. 3f, g).

Promoter conservation between human and mouse

Regulatory regions such as transcription factor binding sites are often,
but notalways, located in conserved and orthologous regions'”. Overall
human TSSs were significantly enriched in evolutionarily conserved
regions compared to the genome-wide null expectation, with 38% over-
lapping previously defined mammalian constrained elements (Fisher’s
exact test, odds ratio 10.2, P value < 2.2 X 107 '%; see Supplementary
Methods). Despite this general level of conservation, there is evidence
of extensive evolutionary remodelling of transcription initiation. For
example, 43% (79,670 out of 184,476) of human TSSs could not be aligned
to the mouse genome, and 39% (45,926 out of 116,277) of mouse TSSs
could not be aligned to the human genome (Supplementary Methods).
Alignment between species decayed as a function of neutral sequence
divergence (Fig. 3). Housekeeping TSSs showed highest TSS conser-
vation, whereas the TSSs of non-coding RN As were less conserved than
those of protein-coding TSSs. Indeed, the alignment of promoters of
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Figure 3 | TSS conservation as a function of expression properties and
functional annotation. a, b, Human robust TSS coordinates were projected
through EPO12 whole genome multiple sequence alignments (Supplementary
Methods). The y-axis values show the fraction of human TSSs that align to an
orthologous position in the indicated species. The x axis shows the relative
divergence of macaque, dog and mouse genomes as the substitution rate at
fourfold degenerate sites in protein coding sequence. The TSS locations were
genome permuted (Supplementary Methods) and then projected through
EPO12 alignments to give the null expectation (dashed blue line). The 95%
confidence intervals of 1,000 samples of 1,000 TSS are shown (blue shading).
a, TSS mapped to the 5" ends of protein coding and non-coding transcripts are
labelled (C and N, respectively), those that do not map to a known transcript
5' end are shown as the ‘anonymous’ category. With the exception of
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broadly expressed non-coding transcripts was not greatly different
from randomly selected genomic sites (Fig. 3a). However, it is impor-
tant to note that the random permutations inevitably overlap constrained
elements, so cannot be considered representative of neutral evolution.

TSSs that were highly-restricted or biased in their expression to a
single cell type or tissue were more likely to be gained or lost through
evolution (Fig. 3a). TSSs preferentially expressed in fibroblasts, chon-
drocytes and pre-adipocytes were among the most conserved, whereas
those enriched in T-cells, macrophages, dendritic cells, whole blood and
endothelial cells were the most likely to be gained or lost (Fig. 3b). This
suggests a more rapidly evolving immune system. It also suggests con-
tributions of relaxed constraint and positive selection to the remodelling
of transcription initiation through the insertion and deletion of pro-
moter sequences.

To enable comparative analysis, we projected the expression patterns
from one species to the other (Extended Data Fig. 4) and provide the
peak position and orthologous expression profile through a cross-species
trackin ZENBU'". Only 54% and 61% of human and mouse conserved
TSSs (of protein coding genes) had an orthologous peak in the other
species. This increased to 61% and 63% respectively for TSSs from well
matched samples (for example, human and mouse hepatocytes), how-
ever, surprisingly, almost 40% of conserved TSS do not appear to be
used even in the matched cells (Supplementary Table 6).

Features of cell-type-specific promoters

Carrying out a systematic de novo motif discovery analysis in cell-type-
specific promoters, recovered motifs similar to the binding motifs of
transcription factors known to be relevant to the corresponding cel-
lular states (Extended Data Fig. 5a-c and described in Supplementary
Note 5). Examining general promoter features many CpG island (CGI)
based promoters (54%) and most non-CGI-non-TATA promoters (92%)
had non-ubiquitous expression profiles (Extended Data Fig. 3k-n).
Although CGI promoters are generally associated with housekeeping
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anonymous, all robust TSSs represented in both panels are associated with the
5' ends of previously annotated transcripts. Non-ubiquitous (cell-type-
restricted), ubiquitous-uniform (housekeeping) and non-uniform-ubiquitous
were defined as in Fig. 2. Ultra-housekeeping TSSs were defined as those with
less than fivefold difference between maximum and median. The category top
1000 UDE represents the 1,000 ubiquitous TSSs that are most differentially
expressed*, There are 1,016 ultra-housekeeping TSSs, 276 ubiquitous-uniform
non-coding TSSs and all other categories contain over 2,000 TSSs. b, Same
axes as panel a showing TSSs with expression that is biased towards a single
expression facet (larger mutually exclusive grouping of the primary cell and
tissue samples based on the sample ontologies CO and UBERON, defined in
ref. 4). Only expression facets with greater than 250 enriched TSSs are shown.
For clarity, only a subset of expression facets are coloured and labelled.
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genes, we observed a subset with highly cell-type-restricted expression
profiles (right tail of Extended Data Fig. 6a). Examining CGI and non-
CGI promoters separately we find that cell-type-specific promoters of
both classes were enriched for binding of cell-type-specific transcription
factors (evidenced by over-representation of motifs and bound sites in
public ChIP-seq data sets). For the human hepatocellular carcinoma
cell line HepG2 we observed enrichment of liver-specific transcription
factors (HNF4, FOXA2, and TCF7L2) at both CGI and non-CGI HepG2
specific promoters (Extended Data Fig. 6b, ¢; similar examples are shown
in Extended Data Figs 5d and 7). As noted in the accompanying analysis®,
both cell-type-specific CGI and non-CGI promoters tend to have prox-
imal high-specificity enhancers (Extended Data Fig. 6d). This indicates
that specific expression at CGI promoters uses the same type of signals
asnon-CGI promoters: proximal transcription factor motifs and high-
specificity enhancers.

Of note, a small number of highly abundant RNAs account for 20%
or more of the reads in some libraries: HBB, SMR3B, STATH, PRB4,
CLPS,HTN3, SERPINA1, CTRB2, CPB1, CPAl and MALAT]1. Although
the abundance of these transcripts is a function of their relatively stability
as well as rate of initiation, a modest but significant over representation
of ETS and YY1 sites was found in highly expressed promoters com-
pared to weakly expressed ones (Extended Data Fig. 5g). Although the
different motif composition may contribute to expression levels, the
accompanying manuscript* shows that arrays of enhancers with similar
usage® probably contribute to the higher maximal expression rate.

Key cell-type-specific transcription factors

Among 1,762 human and 1,516 mouse transcription factors compiled
from the literature® >, promoter level expression profiles for 1,665 human
transcription factors (94%) and 1,382 mouse transcription factors (91%)
were obtained (Supplementary Tables 7, 8 and 9 and Supplementary
Note 6). The distribution of expression levels and cell-type or tissue-
specificity of transcription factors (Extended Data Fig. 3f-j) and the
number of robust promoter peaks per transcription factor gene was
similar to coding genes in general (4.8 compared to 4.6). In any given
primary cell type, a median of 430 (306 to 722) transcription factors
were expressed at 10 TPM or above (~3 copies per cell based on 300,000
mRNAs per cell') (Extended Data Fig. 3g).

Clustering transcription factors by expression profile revealed sets
of transcription factors specifically enriched in each cell type (Extended
Data Fig. 8). For each primary cell sample we have made available ranked
lists of transcription factors based on their promoter expression in the
sample relative to the median across the collection (http://fantom.gsc.
riken.jp/5/sstar/Browse_samples). For most cell types we found one
transcription factor that was very highly enriched (=100-fold), 23 highly
enriched transcription factors (= tenfold) and 82 moderately enriched
transcription factors (= fivefold) (numbers of transcription factors
are based on median number of transcription factors observed at each
enrichment threshold across the primary cell samples). To demonstrate
their likely relevance we systematically reviewed phenotypes of tran-
scription factor knockout mice at the MGI (see Supplementary Note 7).
The clear connection between tissue-specific expression profiles and
relevant knockout phenotypes is summarized in Supplementary Table 10.
For example, in mouse inner ear hair cells, knockout of six of the top 20
most enriched transcription factor genes in mouse (Pou3f4 (ref. 24),
Sox2 (ref.25), Egr2, SixI (ref. 26), Fos™, Tbx18 (ref. 28)) as well as patient
mutations in a further four top transcription factor genes (POU4F3
(ref. 29), ZIC2 (ref. 30), SOX10 (ref. 31), FOXF2 (ref. 32)) resulted in
hearing-related defects. Similarly, mouse knockouts or patients with
mutations in the transcription factors enriched in osteoblasts (CREB3L1
(ref. 33), DLX5 (ref. 34), EBE2 (ref. 35), HANDZ (ref. 36), HOXCS5 (ref. 37),
NFIX?, PRRXI (ref. 39), PRRX2 (ref. 40), SIX1 (ref. 41), TWISTI (ref. 42),
SHOX™, Six2 (ref. 44)) had bone and osteoblast phenotypes. A sub-
stantial fraction of top transcription factors (61% of mouse and 40% of
human transcription factors) have relevant phenotypes recorded in
knockout mice (Supplementary Table 10).
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Inferring function from expression profiles

Taking a pair-wise Pearson correlation matrix of the promoter expres-
sion profiles we carried out MCL clustering®® (Supplementary Methods)
to group promoters that share similar expression profiles across the
atlas. Figure 4 shows a graphical overview of the structure of the data
(and the mouse counterpart is shown in Extended Data Fig. 9). We find
6,030 cases of named genes with alternative promoters participating in
two or more coexpression clusters (Extended Data Fig. 10). To evaluate
and annotate these coexpressed groups, we tested for enrichment in
specific Gene Ontology terms and in a curated database of 489 biolog-
ical pathways. Of these, 356 pathways (174 KEGG, 114 WikiPathways,
46 Reactome, 22 Netpath) were significantly enriched in at least one
human coexpression group (FDR <0.05). Using this approach, 38% of
the unannotated robust peaks (35,082 out 0f 91,269) were within a clus-
ter with a significant association to a pathway. The annotated coexpres-
sion groups are summarized in the website (http://fantom.gsc.riken.jp/
5/sstar/Browse_coexpression_clusters) and a detailed example identi-
fying genes putatively involved in influenza A pathogenesis is shown in
Extended Data Fig. 10a.

Introducing sample ontology enrichment analysis (SOEA), we show
that expression profiles can also be associated with cell, anatomical and
disease ontology terms by testing for overrepresentation of terms in
ranked lists of systematically annotated samples expressing each peak
(Extended Data Fig. 11 and Supplementary Methods). Novel peaks can
be annotated in this way. For example, an un-annotated DPI peak at
hg19::chr18:3659943..3659972,+ is linked to the terms classical mono-
cyte (CL:0000860; Pvalue = 6.35 X 10~ '** Extended Data Fig. 11h) and
bone marrow (UBERON:0002371; P value = 2.7 X 10~*°). Manual
examination of the profile confirms the transcript is predominantly
expressed in myeloid cells with higher levels in CD14" monocytes.
Applied to all CAGE peaks, 127,645 human and 44,449 mouse robust
peaks were annotated as enriched in atleast one CL, DOID or UBERON
term (Extended Data Fig. 11, j). The most commonly-enriched terms
at a P value threshold of 102" were classical monocyte (CL:0000860;
26,634 peaks, 14%), bone marrow (UBERON:0002371; 22,387 peaks,
12%) and neural tube (UBERON:0001049; 20,484 peaks, 11%) (Sup-
plementary Table 13). This is consistent with the coexpression cluster-
ing in Fig. 4 (green and purple spheres correspond to leukocyte and
central nervous system enriched expression profiles) and indicates that
alarge fraction of the mammalian genome is dedicated to immune and
nervous system specific functions.

Conclusion

The FANTOMS promoter atlas is a natural extension of earlier maps
of active transcripts and promoters complementing the sequencing of
mammalian genomes**". It represents an advance in an order of mag-
nitude in the wide range of cell types and the amount of data produced
per sample, and using single-molecule sequencing avoided polymer-
ase chain reaction (PCR), digestion and cloning bias*®. We have iden-
tified and quantified the activity of at least one promoter for more
than 95% of annotated protein-coding genes in the human reference
genome; only the activity of 1,225 promoters remains uncharacterized.
Some of these may not actually be expressed. Some cannot be unam-
biguously measured with CAGE due to copy number variants or closely
related multigene families. The remaining promoters are probably
expressed in rare cell types or during windows of development or states
of cellular activation that are not readily accessible and remain to be sam-
pled. A continued effort to add profiles from these cells will make it pos-
sible to integrate them with the FANTOMS data, and to extract metadata
to identify those regulatory elements that are new and lineage-specific.

The FANTOMS5 data highlights the value in profiling primary cells
as opposed to whole tissues. It also highlights the weakness of using
cancer cell lines. The cancer cell lines generally fail to cluster in a sample-
to-sample correlation graph with their supposed cell type or tissue
of origin (Extended Data Fig. 12) and express more transcription fac-
tors than primary cells (Extended Data Fig. 3g). The mutations and

©2014 Macmillan Publishers Limited. All rights reserved



ARTICLE

. o
. e
L L . e ASC TR
.
. ' . | t
. . ¥ & Ra gy
- - . Mesehchymal cells N4l g
Py ’ . ‘fibroblasts
. . o . C2ai)Systemic lupus erythematosus ()
. % K Chromosome maintenance (R)
IL-2 down reg. targets (N)
* a9 Transcription (R)
. . . b * % ‘3
" oe . . ' i St . »
« WA DA L b X
o . peC y !
As.trocy;toma' i ’ . ™ L 17 Rilas 1 7 Lymphoma cell lines,
. @ ., " . X L 05 ot reticllocytes
= "Nt At-'s. : N e k. .
o i RN el Vg @Gellcycle-(ﬂ)
. ® . -Intestlne AN R < s o/ G 8 o DNA replication (R)
it oh . B S SR .

.
2 C)dochrome P450 (WK}
Metabolic pathways (K,.R,W)
@Steroid biosynthesis (K)
Drug metabolism (&)

- B 3 ®

A i L8 - P
Chorion, placenta; g
e 4 chouocarcmoma "_& s '. O . --“ <

‘. ‘0 \WME 2 X

Propanoa(e metabollsm (KJ. L

- Pyruvale metabolism (K) 3 .‘
‘s

AR _ 5

s dKrr!r‘»

o A . S | . .

U Lo en p
"Cancec cetlimes + _- : .
. L & pel

Lo ®
o Lymphoid

g‘ Leukaemua/
.‘ Iymphoma j_

Mast cells *
o~

3 2 L8 o Y Al ,.L - Transmqmbmna lranSp Proteasome (K)
Smooth muscle ol ling= el RO A Sedas - dan Ny RN 00.’:‘5 [ molcuies’(R] 1473 Hee Signaliing by Wnt (R)
# A8 . . 4 £ =" © e o o Bk e N R oif "".F-"‘v. Cell cycle checkpoints (R)
d ’ [ Shye e, «; Apoptosis (R)
T . Metabolism of RNA (R)
L L g * € DNA replication (R)
- s A ONCR .* HIV infection (R)
r = ) - ! = " Metabolism of amino acids (R)
. vk iy LS Skeretal muscle Z .
X b . -
5 = - .
| ¥ - \ o’
2 ol ® ; _
- Epithelial cells fssfei=: | * NS4V L AR Allograft rejection (K)
and tissues/ /&P, T g T Tl N 'F{étiﬁa g SR T Graft-versus-host disease (K)
. g Q g Type | diabetes mellitus (K)
elé % IR [nelanocytes b SY"BPVQ""“S’“‘““’“( ) R Antigen presentation (K)
. Pty A% . Cell adhesion molecules (K)
1A ¢ melanoma Y .
i = =5 AP\ [ N g Asthma (K)

Figure 4 | Coexpression clustering of human promoters in FANTOMS5.
Collapsed coexpression network derived from 4,882 coexpression groups
(one node is one group of promoters; 4,664 groups are shown here) derived
from expression profiles of 124,090 promoters across all Enmary cell types,
tissues and cell lines (visualized using Biolayout Express” (ref. 45), r > 0.75,
MCLI = 2.2). For display, each group of promoters is collapsed into a sphere,
the radius of which is proportional to the cube root of the number of promoters

chromosomal rearrangements that occur in cancer result in unique
transcriptional networks that do not exist in the untransformed state
and do not necessarily generalize across multiple tumours of the same
type. In terms of building mammalian transcriptional regulatory net-
work models that reflect the normal untransformed state, primary cells
are the logical choice. They have normal genomes, and express in the
order 0f 430 transcription factors at appreciable levels, ranking of which
can be used to reduce the complexity further and identify key known
regulators of cellular phenotypes. Focusing on these key regulators and
motif searching in the corresponding cell-type-specific promoters pro-
vides the data to build cell-type-specific regulatory network models
and support a rational approach to identification of drivers required to
reprogram cells from one lineage to another. Promoter-based expres-
sion data also has direct practical applications in the interpretation (and
re-interpretation) of the function of single nucleotide polymorphisms
(SNPs) in genome-wide association studies (GWAS), which commonly
occur in non-coding sequences. In accompanying manuscripts, reana-
lysis of several GWAS data sets uncovered new disease associations in
FANTOMS promoters and identification of regulatory SNPs within
enhancers that were active in medically relevant samples (ref. 4 and man-
uscript in preparation). Accordingly, the data will enable the design of

Phagosome (K)
Syﬂapllc Iransmlsswdn (R) * .

. . Calcium'regulation in the cardiac cemW)
Integration of energy metabolism (R) ©
Transmembrane transport of small molecules (R)

in that group. Edges indicate r > 0.6 between the average expression profiles of
each cluster. Colours indicate loosely-associated collections of coexpression
groups (MCLi = 1.2). Labels show representative descriptions of the dominant
cell type in coexpression groups in each region of the network, and a selection
of highly-enriched pathways (FDR <10~ from KEGG (K), WikiPathways
(W), Netpath (N) and Reactome (R). Promoters and genes in the coexpression
groups are available online at (http://fantom.gsc.riken.jp/5/data/).

genotyping arrays and sequence-capture systems to target regulatory
variation, and the design of promoter constructs allowing researchers
to specify the cell-type-specificity and absolute expression levels of their
constructs (particularly for Cre-conditional knockouts*” and gene ther-
apy vectors™). In all these respects, the FANTOMS data set greatly
extends the data generated by ENCODE” to further our knowledge of
genome function.

METHODS SUMMARY

All Methods are described in full in the Supplementary Information.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Enhancers control the correct temporal and cell-type-specific activation of gene expression in multicellular eukaryotes.
Knowing their properties, regulatory activity and targets is crucial to understand the regulation of differentiation and
homeostasis. Here we use the FANTOMS panel of samples, covering the majority of human tissues and cell types, to produce
an atlas of active, in vivo-transcribed enhancers. We show that enhancers share properties with CpG-poor messenger RNA
promoters but produce bidirectional, exosome-sensitive, relatively short unspliced RNAs, the generation of which is strongly
related to enhancer activity. The atlas is used to compare regulatory programs between different cells at unprecedented
depth, to identify disease-associated regulatory single nucleotide polymorphisms, and to classify cell-type-specific and
ubiquitous enhancers. We further explore the utility of enhancer redundancy, which explains gene expression strength
rather than expression patterns. The online FANTOMS enhancer atlas represents a unique resource for studies on cell-

type-specific enhancers and gene regulation.

Precise regulation of gene expression in time and space is required for
development, differentiation and homeostasis'. Sequence elements within
or near core promoter regions contribute to regulation’, but promoter-
distal regulatory regions like enhancers are essential in the control of
cell-type specificity'. Enhancers were originally defined as remote ele-
ments that increase transcription independently of their orientation,
position and distance to a promoter®, They were only recently found to
initiate RN A polymerase I (RNAPII) transcription, producing so-called
eRNAs*. Genomic locations of enhancers can be detected by mapping
of chromatin marks and transcription factor binding sites from chro-
matin immunoprecipitation (ChIP) assays and DNase I hypersensitive
sites (DHSs) (reviewed in ref. 1), but there has been no systematic
analysis of enhancer usage in the large variety of cell types and tissues
present in the human body.

Using cap analysis of gene expression® (CAGE), we show that enhan-
cer activity can be detected through the presence of balanced bidirec-
tional capped transcripts, enabling the identification of enhancers from
small primary cell populations. Based upon the FANTOMS CAGE express-
ion atlas encompassing 432 primary cell, 135 tissue and 241 cell line

samples from human®, we identify 43,011 enhancer candidates and char-
acterize their activity across the majority of human cell types and tissues.
The resulting catalogue of transcribed enhancers enables classification
of ubiquitous and cell-type-specific enhancers, modelling of physical
interactions between multiple enhancers and TSSs, and identification of
potential disease-associated regulatory single nucleotide polymorph-
isms (SNPs).

Bidirectional capped RNAs identify active enhancers

The FANTOMS project has generated a CAGE-based transcription
start site (TSS) atlas across a broad panel of primary cells, tissues and
cell lines covering the vast majority of human cell types®. Within that
data set, well-studied enhancers often have CAGE peaks delineating
nucleosome-deficient regions (NDRs) (Supplementary Fig. 1). To
determine whether this is a general enhancer feature, FANTOM5 CAGE
(Supplementary Table 1) was superimposed on active (H3K27ac-marked)
enhancers defined by HeLa-S3 ENCODE ChIP-seq data’. CAGE tags
showed a bimodal distribution flanking the central P300 peak, with
divergent transcription from the enhancer (Fig. 1a). Similar patterns
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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
H3K4mel ChIP-seq data’, centred on P300 binding sites, in HeLa cells were
overlaid with HeLa CAGE data (unique positions of CAGE tag 5’ ends,
smoothed by a 5-bp window), revealing a bidirectional transcription pattern.
Horizontal axis shows the * 500 bp region around enhancer midpoints.

b, Density plot illustrating the difference in directionality of transcription

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 enhancers’ with significant reporter
activity® had greater CAGE expression levels than those lacking reporter
activity (P <4 X 10~ %%, 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, ¢). 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
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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 FANTOMS libraries. b, Frequencies of RNA processing motifs
(5" splice motif (5'SS, 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. ¢, Average nucleotide frequencies
(top panel) and DNase 1 cleavage patterns (lower panel) of enhancer CAGE
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Prediction category

according to FANTOMS5-pooled CAGE tags mapped within * 300bp of
22,486 TSSs of RefSeq protein-coding genes and centre positions of 10,138
Hela enhancers defined as above. ¢, 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.

(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-$3 cells: 15 DHSs'®,
26 ENCODE-predicted ‘strong enhancers”” 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, ¢). Many CAGE-defined enhancers
overlapped predicted ENCODE ‘strong enhancers’ or “TSS’ states (25%
and 62%, respectively, for HeLa-53), 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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peaks (arrow at +1 indicates position of the main enhancer CAGE peaks;
direction of transcription goes left to right) reveal distinct cleavage patterns
at sequences resembling the INR and TATA elements. d, De novo motif
enrichment analyses around enhancers and non-enhancer FANTOM5
CAGE-defined TSSs (CAGE TSSs matching annotated TSSs are referred to
as ‘promoters’), contingent on CGI overlap. Top enriched/depleted motifs are
shown along with their best-known motif match name. Enrichment versus
random background is presented as a heat map. e, Vertical axis shows average
HeLa CAGE expression fold change versus control at enhancers and RefSeq
TSSs after exosome depletion. Horizontal axis shows position relative to the
TSS or the centre of the enhancer. Translucent colours indicate the 95%
confidence interval of the mean.
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(19% unspliced, median 1,256 nucleotides) (Fig. 2a and Supplementary
Fig. 11a—c). Unlike TSSs of mRNAs, which are enriched for predicted
5’ splice sites but depleted of downstream polyadenylation signals'*'?,
enhancers showed no evidence of associated downstream RNA pro-
cessing motifs, and thus resemble antisense promoter upstream tran-
scripts (PROMPTs)"! (Fig. 2b and Supplementary Fig. 11d). Most CAGE-
defined enhancers gave rise to nuclear (>>80%) and non-polyadenylated
(~90%) RNAs" (Supplementary Fig. 11e). Based on RNA-seq, few
enhancer RNAs overlap exons of known protein-coding genes or large
intergenic noncoding RNAs (9 and 1 out of 4,208 enhancers detected,
respectively), indicating that they are not a substantial source of alter-
native promoters for known genes (as in ref. 14).

TSS-associated, uncapped small RNAs (TSSa-RNAs), attributed to
RNAPII protection and found immediately downstream of mRNA
TSSs'™'%, were detectable in the same positions downstream of enhan-
cer TSSs (Supplementary Fig. 12), indicating that RNAPII initiation at
enhancer and mRNA TSSs is similar. Indeed, CAGE-defined enhancer
TSSs resembled the proximal position-specific sequence patterns of
non-CGI RefSeq TSSs (Fig. 2c and Supplementary Fig. 13a). Furthermore,
de novo motif analysis revealed sequence signatures in CAGE-defined
enhancers closely resembling non-CGI promoters (Fig. 2d and Sup-
plementary Fig. 13b).

Because of the similarity with PROMPTS, we reasoned that capped
enhancer RNAs might be rapidly degraded by the exosome. Indeed,
small interfering RNA-mediated depletion of the SKIV2L2 (also known
as MTR4) co-factor of the exosome complex resulted in a median 3.14-
fold increase of capped enhancer-RNA abundance (Fig. 2e and Sup-
plementary Fig. 14a, b), but only a negligible increase at mRNA TSSs.
This increasing trend is similar to that of PROMPT regions upstream
of TSSs, although the increase of enhancer RNAs was significantly
higher (P < 4.6 X 10~%, Mann-Whitney U'test; Fig, 2e and Supplemen-
tary Fig. 14b, ). Thus, the bidirectional transcriptional activity observed
at enhancers is also present at promoters, as suggested previously'’,
but in promoters only the antisense RNA is degraded. Furthermore,
the CAGE expression of enhancers in control and SKIV2L2 -depleted
cells was proportional (Supplementary Fig. 14d), indicating that vir-
tually all identified enhancers produce exosome-sensitive RNAs. The
number of detectable bidirectional CAGE peaks increased 1.7-fold
upon SKIV2L2 depletion and novel enhancer candidates had on average
similar, but weaker, chromatin modification signals compared to control
HeLa cells (Supplementary Fig. 14e).

CAGE identifies cell-specific enhancer usage

To test whether CAGE expression can identify cell-type-specific enhan-
cer usage in vivo, ChIP-seq (H3K27ac and H3K4mel), DNA methyla-
tion and triplicate CAGE analyses were performed in five primary
blood cell types, and compared to published DHS data (http://www.
roadmapepigenomics.org/, Supplementary Table 4). CAGE-defined
enhancers were strongly supported by proximal H3K4mel/H3K27ac
peaks (71%) and DHSs (87%) from the same cell type. Conversely,
H3K4mel and H3K27ac supported only 24% of DHSs distal to pro-
moters and exons and only 4% of DHSs overlapped CAGE-defined
enhancers (Supplementary Fig. 15), indicating that a minority of pro-
moter-distal DHSs identify enhancers. From the opposite perspective,
only 11% of H3K4mel/H3K27acloci overlapped CAGE-defined enhan-
cers and untranscribed loci showed weaker ChIP-seq signals than
transcribed ones (Supplementary Fig. 16). Moreover, there was a clear
correlation between CAGE, DNase I hypersensitivity, H3K4mel and
H3K27ac for CAGE-defined enhancers expressed in blood cells (Fig. 3a).
Accordingly, cell-type-specific enhancer expression corresponds to cell-
type-specific histone modifications (Fig. 3b). The majority of selected
cell-type-specific enhancers could be validated in corresponding cell
lines and were associated with cell-type-specific DNA demethylation
(Supplementary Text, Supplementary Fig. 17 and Supplementary
Tables 5-8, see also ref. 18). Thus, bidirectional CAGE pairs are robust
predictors for cell-type-specific enhancer activity.

ARTICLE

An atlas of transcribed enhancers across human cells
The FANTOMS5 CAGE library collection® enables the dissection of
enhancer usage across cell types and tissues comprehensively sampled
across the human body. Clustering based on enhancer expression clearly
grouped functionally related samples together (Fig. 3c and Supplemen-
tary Figs 18 and 19). Although fetal and adult tissue often grouped
together, two large fetal-specific clusters were identified: one brain-
specific (pink) and one with diverse tissues (green). The fetal-brain
cluster is associated with enhancers that are located close to known
neural developmental genes, including NEUROG2, SCRT2, POU3EF2
and MEF2C (Supplementary Fig. 18b), for which gene expression pat-
terns correlate with enhancer RNA abundance across libraries, suggest-
ing regulatory interaction (see below). The results corroborate the func-
tional relevance of these enhancers for tissue-specific gene expression
and indicate that they are an important part of the regulatory programs
of cellular differentiation and organogenesis.

To confirm that candidate enhancers can drive tissue-specific gene
expression in vivo, five evolutionarily conserved CAGE-defined human
enhancers (including the POU3F2 and MEF2C-proximal enhancers
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Figure 3 | CAGE expression identifies cell-type-specific enhancer usage.

a, Relationship between CAGE and histone modifications in blood cells. Rows
represent CAGE-defined enhancers that are ordered based on hierarchical
clustering of CAGE expression. Columns for the CAGE tags (pink) represent
the expression intensity for three biological replicates. DNase I hypersensitivity
and H3K27ac and H3K4mel ChIP-seq signals = 1kb around the enhancer
midpoints are shown in green, blue and orange, respectively. b, Mean signal of
DNase-seq as well as ChIP-seq for H3K27ac and H3K4mel (vertical axes) per
cell type (rows) in * 1kb regions (horizontal axes) around enhancer midpoints,
for enhancers with blood-cell type-specific CAGE expression (columns).

¢, Dendrogram resulting from agglomerative hierarchical clustering of tissue
samples based on their enhancer expression: each leaf of the tree represents one
CAGE tissue sample (for a labelled tree and the corresponding results on
primary cell samples, see Supplementary Figs 18 and 19). Sub-trees dominated
by one tissue/organ type or morphology are highlighted. Some of the enhancers
responsible for the fetal-specific subgroup in the larger brain sub-tree are
validated in vivo (Fig. 4).
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