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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 (FANTOMS5) 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 types' 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)® across
975 human and 399 mouse samples, including primary cells, tissues
and cancer cell lines, using single-molecule sequencing’ (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
gene'®. Moreover, we show in an accompanying manuscript* that the
data can be used to locate active enhancers, and to provide numerous
insights into cell-type-specific transcriptional regulatory networks
(see the FANTOMS5 website http://fantom.gsc.riken.jp/5). The data
extend and complement the recently published ENCODE® data, and

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

The FANTOMS 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
celllines (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 Ontology’, Uberon®, Disease
Ontology”®). 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
profiles'®. 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 analysis''. Sample-
and genome-wide, DPI identified 3,492,729 peaks in human and 2,088,255
peaks in mouse. To minimize the fraction of peaks’ that map to internal
exons (which could exist due to post-transcriptional cleavage and recap-
ping of RNAs"), 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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Figure 1 | Promoter discovery and definition in FANTOMS. a, Samples
profiled in FANTOMS. b, Reproducible cell-type-specific CAGE patterns
observed for the 266 base CpG island associated B4GALT1I locus transcription
initiation region hgl9:chr9:33167138..33167403. CAGE profiles for CD4" T
cells (blue), CD14 " monocytes (gold), aortic smooth muscle cells (green) and
the adrenal cortex adenocarcinoma cell line SW-13 (red) are shown. A
combined pooled profile showing TSS distribution across the entire human
collection is shown in black. Values on the y axis correspond to maximum
normalized TPM for a single base in each track. ¢, Decomposition-based peak
identification (DPI) finds 6 differentially used peaks within this composite
transcription initiation region (note: peaks are labelled from pl@B4GALT1

to define robust and permissive subsets (described in more detail in
Supplementary Methods and summarized in Table 1). Specifically the
robust threshold, which is used for most of the analyses presented here,
enriched for peaks at known 5’ ends compared to known internal
exons by twofold (that is, two-thirds of the peaks hitting known full-
length transcript models hit the 5’ end). A flow diagram showing the
relationship between samples, peaks, thresholding and subsets used in
each analysis is provided in the Supplementary Figure 1. Supporting
evidence that the peaks are genuine TSSs, based upon support from
expressed sequence tags (ESTs), histone H3 lysine 4 trimethylation
(H3K4Me3) marks and DNase hypersensitive sites is provided in Sup-
plementary Note 2.

Figure 1b illustrates the 266 bp spanning transcription initiation
region of BAGALT1I, where 6 independent robust peaks were identified
by DP]I, each with a unique regulatory pattern (Fig. 1c). A total of 58%
of human and 56% of mouse robust peaks occur in such composite
transcription initiation regions, defined as clusters of robust peaks within
100 bases of each other. More than half of these contain peaks with
statistically significant differences in expression profiles (63% of human
and 54% of mouse composite transcription initiation regions; likelihood
ratio test, false discovery rate (FDR) <1%, Extended Data Fig. 1d). Sup-
plementary Tables 2 and 3 summarize public domain EST evidence
that these independent peaks contained within composite transcrip-
tion initiation regions give rise to long RNAs.
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with most tag support through to p7@B4GALT1 with the least tag support;
p4@B4GALT]1 is not shown and is in the 3" UTR of the locus at position
hg19::chr9:33111241..33111254—). Note in particular one large broad region
on the left used in all samples and a sharp peak to the right, preferentially used
in the aortic smooth muscle cells. d, Venn diagram showing DPI defined peaks
expressed at = 10 TPM in primary cells (red), tissues (blue) and cell lines
(green). e, Fraction of unannotated peaks observed in subsets of d. P, primary
cells, T, tissues, C, cell lines, PT, TC, PC and PTC correspond to peaks found
in multiple sample types, for example, PT, found in primary cells and

tissue samples.

Known gene coverage in FANTOMS

To provide annotation of the CAGE peaks, the distance between indi-
vidual peaks and the 5" ends of known full-length transcripts was deter-
mined and then peaks within 500 bases of the 5" end of known transcript
models were assigned to that gene (see Supplementary Methods, Table 1).
To provide names for each TSS region, peaks identified at the permis-
sive threshold were ranked by the total number of tags supporting each
and then sequentially numbered (for example, pl @GFAP corresponds
to the promoter of GFAP which has the highest tag support). From
these annotations, TSS for 91% of human protein coding genes (as
defined by the HUGO Gene Nomenclature Committee) were supported
by robust CAGE peaks, and 94% at the permissive threshold (Sup-
plementary Note 3). The atlas also detected signals from the promoters
of short RNA primary transcripts, and long non-coding RNAs. In
comparison to the previous FANTOM3 and 4 projects, FANTOMS5
measured expression at an additional 4,721 human and 5,127 mouse
RefSeq genes. The inclusion of primary cells, cell lines and tissues in
the atlas provided greater coverage than any of the sample types alone
(Fig. 1d) and the primary cell samples in particular were a rich source
of unannotated peaks (Fig. le).

Mammalian promoter architectures

Mammalian promoters can be classified as broad or sharp types, based
upon local spread of TSSs along the genome'’. The FANTOMS5 data
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