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• ~400 different cell types with varying function and morphology

• How are these differences encoded? 

• What defines a certain cellular state?
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Figure 1 | Regulation of transcription. a | A summary of promoter elements and regulatory signals. Chromatin is 
comprised of DNA wrapped around histones to form nucleosomes. The structure of chromatin can be tightly 
wrapped or accessible to proteins. Boundaries between these states may be marked by insulators. The region around 
the transcription start site (TSS) is often divided into a larger proximal promoter upstream of the TSS and a smaller 
core promoter just around the TSS. The exact boundaries vary between studies. To recruit RNA polymerase II 
(RNAPII) and to activate transcription of the gene, sequence-specific regulatory proteins (transcription factors) bind 
to specific sequence patterns (namely, transcription factor binding sites (TFBSs)) that are near to the TSS (proximal 
elements) or that are far away from it (enhancers). TFBSs can also occur in clusters, forming cis-regulatory modules 
(CRMs). b | Sequence patterns in core promoters. The region around the TSS has several over-represented sequence 
patterns; the TATA box and initiator (Inr) are the most studied and most prevalent. The location of patterns relative 
to the TSS and their sequence properties are shown as boxes and as associated sequence logos based on the JASPAR 
database. The Inr pattern is not shown as it varies considerably between studies, ranging from a TCA(G/T)TC(C/T) to 
a single dinucleotide (pyrimidine (C/T)–purine (A/G)). Importantly, most promoters only have one or a few of these 
patterns, and some patterns are mostly found in certain species. BRE, B recognition element; DCE, downstream core 
element; DRE, DNA recognition element; MTE, motif ten element. Figure modified, with permission, from REF. 91 © 
(2004) Macmillan Publishers Ltd. All rights reserved.

Pre-initiation complex
(PIC). A polypeptide complex 
consisting of RNA polymerase 
II and general transcription 
factors. This forms in the core 
promoter region around the 
transcription start site and 
primes RNA polymerase II  
for transcription.

B recognition element 
(BRE). A core promoter 
element with consensus 
sequence SSRCGCC found 
upstream of TATA box.

modifications and their dynamics, nucleosome con-
figuration and association with long-range regulatory 
elements — all show clear equivalence. We then turn 
to other recently discovered properties of promoters 

for which systematic classification and association  
with promoter function has not been settled. These 
include promoter-associated small RNAs and RNAPII 
pausing, stalling and backtracking at the TSS.
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Cap Analysis of Gene Expression (CAGE)
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• Aim: Map the vast majority of 
transcription initiation sites in 
human and mouse via single 
molecule CAGE
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FANTOM5
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Figure 1 | Regulation of transcription. a | A summary of promoter elements and regulatory signals. Chromatin is 
comprised of DNA wrapped around histones to form nucleosomes. The structure of chromatin can be tightly 
wrapped or accessible to proteins. Boundaries between these states may be marked by insulators. The region around 
the transcription start site (TSS) is often divided into a larger proximal promoter upstream of the TSS and a smaller 
core promoter just around the TSS. The exact boundaries vary between studies. To recruit RNA polymerase II 
(RNAPII) and to activate transcription of the gene, sequence-specific regulatory proteins (transcription factors) bind 
to specific sequence patterns (namely, transcription factor binding sites (TFBSs)) that are near to the TSS (proximal 
elements) or that are far away from it (enhancers). TFBSs can also occur in clusters, forming cis-regulatory modules 
(CRMs). b | Sequence patterns in core promoters. The region around the TSS has several over-represented sequence 
patterns; the TATA box and initiator (Inr) are the most studied and most prevalent. The location of patterns relative 
to the TSS and their sequence properties are shown as boxes and as associated sequence logos based on the JASPAR 
database. The Inr pattern is not shown as it varies considerably between studies, ranging from a TCA(G/T)TC(C/T) to 
a single dinucleotide (pyrimidine (C/T)–purine (A/G)). Importantly, most promoters only have one or a few of these 
patterns, and some patterns are mostly found in certain species. BRE, B recognition element; DCE, downstream core 
element; DRE, DNA recognition element; MTE, motif ten element. Figure modified, with permission, from REF. 91 © 
(2004) Macmillan Publishers Ltd. All rights reserved.
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modifications and their dynamics, nucleosome con-
figuration and association with long-range regulatory 
elements — all show clear equivalence. We then turn 
to other recently discovered properties of promoters 

for which systematic classification and association  
with promoter function has not been settled. These 
include promoter-associated small RNAs and RNAPII 
pausing, stalling and backtracking at the TSS.
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Localization of enhancers

• Open chromatin (DNase hypersensitivity)

• TF binding (master regulators, co-activators)

• Chromatin context (H3K4me1, H3K27ac)

• Chromatin interactions
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Buecker and Wysocka,  2012, Cell

Active enhancers are transcribed 
(Kim et al., 2010, Nature)

e.g. ENCODE
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Atlas of 44,000 human enhancers
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• Transcribed enhancers are more likely to be active
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ARTICLE
doi:10.1038/nature13182

A promoter-level mammalian
expression atlas
The FANTOM Consortium and the RIKEN PMI and CLST (DGT)*

Regulated transcription controls the diversity, developmental pathways and spatial organization of the hundreds of cell
types that make up a mammal. Using single-molecule cDNA sequencing, we mapped transcription start sites (TSSs) and
their usage in human and mouse primary cells, cell lines and tissues to produce a comprehensive overview of mammalian
gene expression across the human body. We find that few genes are truly ‘housekeeping’, whereas many mammalian
promoters are composite entities composed of several closely separated TSSs, with independent cell-type-specific expres-
sion profiles. TSSs specific to different cell types evolve at different rates, whereas promoters of broadly expressed genes
are the most conserved. Promoter-based expression analysis reveals key transcription factors defining cell states and links
them to binding-site motifs. The functions of identified novel transcripts can be predicted by coexpression and sample
ontology enrichment analyses. The functional annotation of the mammalian genome 5 (FANTOM5) project provides com-
prehensive expression profiles and functional annotation of mammalian cell-type-specific transcriptomes with wide
applications in biomedical research.

The mammalian genome encodes the instructions to specify develop-
ment from the zygote through gastrulation, implantation and genera-
tion of the full set of organs necessary to become an adult, to respond
to environmental influences, and eventually to reproduce. Although
the genome information is the same in almost all cells of an individual,
at least 400 distinct cell types1 have their own regulatory repertoire of
active and inactive genes. Each cell type responds acutely to alterations
in its environment with changes in gene expression, and interacts with
other cells to generate complex activities such as movement, vision, mem-
ory and immune response.

Identities of cell types are determined by transcriptional cascades that
start initially in the fertilised egg. In each cell lineage, specific sets of
transcription factors are induced or repressed. These factors together
provide proximal and distal regulatory inputs that are integrated at tran-
scription start sites (TSSs) to control the transcription of target genes.
Most genes have more than one TSS, and the regulatory inputs that
determine TSS choice and activity are diverse and complex (reviewed
in ref. 2).

Unbiased annotation of the regulation, expression and function of
mammalian genes requires systematic sampling of the distinct mam-
malian cell types and methods that can identify the set of TSSs and tran-
scription factors that regulate their utilization. To this end, the FANTOM5
project has performed cap analysis of gene expression (CAGE)3 across
975 human and 399 mouse samples, including primary cells, tissues
and cancer cell lines, using single-molecule sequencing3 (Fig. 1; see the
full sample list in Supplementary Table 1).

CAGE libraries were sequenced to a median depth of 4 million mapped
tags per sample (Supplementary Methods) to produce a unique gene
expression profile, focused specifically on promoter utilization. CAGE
has advantages over RNA-seq or microarrays for this purpose, because
it permits separate analysis of multiple promoters linked to the same
gene13. Moreover, we show in an accompanying manuscript4 that the
data can be used to locate active enhancers, and to provide numerous
insights into cell-type-specific transcriptional regulatory networks
(see the FANTOM5 website http://fantom.gsc.riken.jp/5). The data
extend and complement the recently published ENCODE5 data, and

microarray-based gene expression atlases6 to provide a major resource
for functional genome annotation and for understanding the transcrip-
tional networks underpinning mammalian cellular differentiation.

The FANTOM5 promoter atlas
Single molecule CAGE profiles were generated across a collection of
573 human primary cell samples (, 3 donors for most cell types) and
128 mouse primary cell samples, covering most mammalian cell steady
states. This data set is complemented with profiles of 250 different cancer
cell lines (all available through public repositories and representing 154
distinct cancer subtypes), 152 human post-mortem tissues and 271 mouse
developmental tissue samples (Fig. 1a; see the full sample list in Sup-
plementary Table 1). To facilitate data mining all samples were anno-
tated using structured ontologies (Cell Ontology7, Uberon8, Disease
Ontology9). The results of all analyses are summarized in the FANTOM5
online resource (http://fantom.gsc.riken.jp/5). We also developed two
specialized tools for exploration of the data. ZENBU, based on the
genome browser concept, allows users to interactively explore the rela-
tionship between genomic distribution of CAGE tags and expression
profiles10. SSTAR, an interconnected semantic tool, allows users to explore
the relationships between genes, promoters, samples, transcription
factors, transcription factor binding sites and coexpressed sets of pro-
moters. These and other ways to access the data are described in more
detail in Supplementary Note 1.

CAGE peak identification and thresholding
To identify CAGE peaks across the genome we developed decomposition-
based peak identification (DPI; described in Supplementary Methods;
Extended Data Fig. 1). This method first clusters CAGE tags based on
proximity. For clusters wider than 49 base pairs (bp) it attempts to
decompose the signal into non-overlapping sub-regions with different
expression profiles using independent component analysis11. Sample-
and genome-wide, DPI identified 3,492,729 peaks in human and 2,088,255
peaks in mouse. To minimize the fraction of peaks3 that map to internal
exons (which could exist due to post-transcriptional cleavage and recap-
ping of RNAs12), and enrich for TSSs, we applied tag evidence thresholds

*Lists of participants and their affiliations appear at the end of the paper.
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ARTICLE
doi:10.1038/nature12787

An atlas of active enhancers across
human cell types and tissues
Robin Andersson1*, Claudia Gebhard2,3*, Irene Miguel-Escalada4, Ilka Hoof1, Jette Bornholdt1, Mette Boyd1, Yun Chen1,
Xiaobei Zhao1,5, Christian Schmidl2, Takahiro Suzuki6,7, Evgenia Ntini8, Erik Arner6,7, Eivind Valen1,9, Kang Li1,
Lucia Schwarzfischer2, Dagmar Glatz2, Johanna Raithel2, Berit Lilje1, Nicolas Rapin1,10, Frederik Otzen Bagger1,10,
Mette Jørgensen1, Peter Refsing Andersen8, Nicolas Bertin6,7, Owen Rackham6,7, A. Maxwell Burroughs6,7, J. Kenneth Baillie11,
Yuri Ishizu6,7, Yuri Shimizu6,7, Erina Furuhata6,7, Shiori Maeda6,7, Yutaka Negishi6,7, Christopher J. Mungall12,
Terrence F. Meehan13, Timo Lassmann6,7, Masayoshi Itoh6,7,14, Hideya Kawaji6,14, Naoto Kondo6,14, Jun Kawai6,14,
Andreas Lennartsson15, Carsten O. Daub6,7,15, Peter Heutink16, David A. Hume11, Torben Heick Jensen8, Harukazu Suzuki6,7,
Yoshihide Hayashizaki6,14, Ferenc Müller4, The FANTOM Consortium{, Alistair R. R. Forrest6,7, Piero Carninci6,7, Michael Rehli2,3

& Albin Sandelin1

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 FANTOM5 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 FANTOM5 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 homeostasis1. Sequence elements within
or near core promoter regions contribute to regulation2, but promoter-
distal regulatory regions like enhancers are essential in the control of
cell-type specificity1. Enhancers were originally defined as remote ele-
ments that increase transcription independently of their orientation,
position and distance to a promoter3. They were only recently found to
initiate RNA polymerase II (RNAPII) transcription, producing so-called
eRNAs4. 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 expression5 (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 FANTOM5 CAGE express-
ion atlas encompassing 432 primary cell, 135 tissue and 241 cell line

samples from human6, 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 FANTOM5 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 types6. 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 data7. CAGE tags
showed a bimodal distribution flanking the central P300 peak, with
divergent transcription from the enhancer (Fig. 1a). Similar patterns

*These authors contributed equally to this work.
{A list of authors and affiliations appears in the Supplementary Information.

1The Bioinformatics Centre, Department of Biology & Biotech Research and Innovation Centre, University of Copenhagen, Ole Maaloes Vej 5, DK-2200 Copenhagen, Denmark. 2Department of Internal
Medicine III, University Hospital Regensburg, Franz-Josef-Strauss-Allee 11, 93042 Regensburg, Germany. 3Regensburg Centre for Interventional Immunology (RCI), D-93042 Regensburg, Germany.
4School of Clinical and Experimental Medicine, College of Medical and Dental Sciences, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK. 5Lineberger Comprehensive Cancer Center,
University of North Carolina, Chapel Hill, North Carolina 27599, USA. 6RIKEN OMICS Science Centre, RIKEN Yokohama Institute, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama City, Kanagawa 230-0045,
Japan. 7RIKEN Center for Life Science Technologies (Division of Genomic Technologies), RIKEN Yokohama Institute, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama City, Kanagawa 230-0045, Japan. 8Centre
for mRNP Biogenesis and Metabolism, Department of Molecular Biology and Genetics, C.F. Møllers Alle 3, Building 1130, DK-8000 Aarhus, Denmark. 9Department of Molecular and Cellular Biology,
Harvard University, Cambridge, Massachusetts 02138, USA. 10The Finsen Laboratory, Rigshospitalet and Danish Stem Cell Centre (DanStem), University of Copenhagen, Ole Maaloes Vej 5, DK-2200,
Denmark. 11Roslin Institute, Edinburgh University, Easter Bush, Midlothian, Edinburgh EH25 9RG, UK. 12Genomics Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road MS 64-121, Berkeley,
California 94720, USA. 13EMBL Outstation - Hinxton, European Bioinformatics Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SD, UK. 14RIKEN Preventive Medicine and Diagnosis
Innovation Program, RIKEN Yokohama Institute, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama City, Kanagawa 230-0045, Japan. 15Department of Biosciences and Nutrition, Karolinska Institutet,
Hälsovägen 7, SE-4183 Huddinge, Stockholm, Sweden. 16Department of Clinical Genetics, VU University Medical Center, van der Boechorststraat 7, 1081 BT Amsterdam, Netherlands.
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Questions asked

• In which cell type(s) is a certain gene expressed?

• Which promoters/enhancers are “specific” to a certain cell 
type?

• How do promoter/enhancer usage differ across cell types?

• Where do promoters/enhancers to a certain gene locate in 
the genome?

• In which cell type(s) might a certain genetic variant have an 
effect?

• Which enhancer(s) regulate a certain gene?

Problem: ~1,000 CAGE libraries,  ~200,000 promoters and 
~44,000 enhancers - how to best visualize and distribute data?

10
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FANTOM5 SSTAR

11

• SSTAR: Semantic catalogue of Samples, Transcription 
initiation And Regulators

• Sample info and ontology (UBERON, Disease, Cell) term 
association

• CAGE promoters - expression ranks, gene association, 
ontology enrichment

• Transcription factor motif enrichment

• …

fantom.gsc.riken.jp/5/sstar/



ZENBU Genome Browser 
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(BAM)(

•  Powerful(embedded(data(processing/analysis(
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ZENBU genome browser 

Search'for'genes,'views,'tracks'with'
keywords'or'gene'names'

Highly configurable views: 
track rearrangement, user selectable 
drawing styles, scaling…'

Pooled expression data: one track 
dynamically mixing expression from many 
experiments'

Save'and'share'view'configura8ons'
with'collaborators'

Interactive data exploration: selection of 
regions in pooled expression is reflected in 
experiment-expression view. Allows for 
easy checking of expression differences of 
CAGE peaks in a region. '

fantom.gsc.riken.jp/zenbu
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Enhancer/promoter slider tools
• How do best define cell type-specificity?

• Let the end user define the rules!

14

enhancer.binf.ku.dk

Example case: 
choose the set of 
enhancers whose 
expresson is com-
posed of >40% 
neurons and >40% 
neural stem cells
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