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CAGE analyzes 5’-end of the capped transcripts by DNA sequencing. 
1)  Precise transcriptional starting sites (TSSs) are clarified. 
2)  Expression profile at each promoter (not gene) could be analyzed. 

CAGE (Cap Analysis of Gene Expression) 
RIKEN original technology to reveal “GENE REGULATION”   
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Shiraki et al. Proc Natl Acad Sci U S A 100, 15776 (2003) 
Kodzius et al. Nat Methods 3, 211 (2006) 
Takahashi et al. Nat Protoc 7, 542 (2012) 
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Dlgap1: scaffold postsynaptic protein 
at excitatory synapses 

Valen E. et al. Genome Research 19, 255-65 (2009)	


The cerebellum protein lacks a dimerization 
domain (14 aa repeated 5 times) 

Preferentially expressed promoters (PEPs) 
drive functional variability of the proteome	




Advantages of CAGE	


ü  Expression profile at TSSs 
•  Promoter discovery and activity 
•  Enhancer discovery and activity  
•  Transcription factor (TF) binding site motifs 

ü Quantitative 
ü High resolution 
ü Genome-wide analysis 
ü  Sequencing base 
ü Wide dynamic range 



Application of CAGE�

ü  Discovery of biomarkers 
ü  Discovery of drug targets 
ü  Test drug/cosmetics efficacy/toxicity at gene regulation level 
ü  Regulatory networks reconstruction (cell conversion) 
ü  Quality control of iPS cells 

TSSs identification and activity analysis 

Promoters 
•  Identification 
•  Activity 
•  Mapping 
•  Cell specific 

activity 

Enhancers  
•  Identification  
•  Activity 
•  Mapping 
•  Cell specific 

activity 

lncRNAs 
•  Identification 
•  Cell specific 

expression 
•  Function	


TF binding sites 
•  Motif activity 
•  Transcriptional 

regulatory NW	

•  Cell specific 

NW signatures	


Examples	


Transcription starting sites complexity        Gene regulation 
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Mouse  

full-length 
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cDNA  
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Libraries�

FANTOM 3 
Promoter  
Analysis 

Database 

FANTOM 5 
Cellular  
diversity 

FANTOM 4 
Basin 

Network 
analysis 

FANTOM 6 
lncRNAs 
Function 

Ongoing! 

FANTOM activities 
Functional Annotation of the Mammalian Genome	


Developed functional gene 
annotation 
Kawai et al. Nature  
409, 685 (2001)  
Collection of   
20,000 fl-cDNA.  
First annotation of  
transcriptome.  
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Discovery of new 
transcriptional landscape. 
Carninci et al. Science  
309, 1559 (2005) 
-  >70% of the genome is  
transcribed. 
-  >50% of transcripts are  
ncRNA. ©
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Phase 2: Enhancers dynamics 
Arner et al, Science 347,  
1010 (2015) 
Enhancer broadly  
initiates and coordinates  
transcription. 
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Annotation of 60,770  
full-length mouse  
cDNAs 
Okazaki et al. Nature  
420, 563 (2002) 
Standardize full-length  
mammalian cDNAs. ©
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Transcriptional 
regulatory network 
Suzuki et al. Nat. Gen. 
41, 553 (2009)  
The first report of detail 
transcriptional  regulatory 
network in differentiation.  

Phase1: The atlas of promoter 
& enhancer in  
diverse cell types 
Forrest et al, Nature 507,  
455 (2014), Andersson 
 et al, Nature 507,  
462 (2014) ©
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Astrocyte donor1 
Astrocyte donor2 
Astrocyte donor3 
CD14+ donor1 
CD14+ donor2 
CD14+ donor3 
CD4+ donor1 
CD4+ donor2 
CD4+ donor3 

B4GALT1 

~270bp, unprecedented high resolution 

SW-13 cell line 

Higher tissue and tag coverage:  
understanding composite promoter architectures and its mixed modes of regulation 

223,428 in human and 162,264 in mouse of 
reference TSS 

Cell4 

CpG CpG CpG CpG CpG CpG TATA 

Cell1 Cell3 Cell2 
•  Blue, yellow and green: 

Broadly used 
•  Red:  

Cell2 specific and 
highly expressed 

TSS preferences: 
•  B4GALT1 core promoter 
•  Primary Astrocytes 
•  CD14+ monocytes 
•  CD4+ T-cells 



THP-1 cells are a monoblastic leukemia cell line which upon PMA treatment can 
differentiate into an adherent monocyte like cell (CD14+, CSF1R+) 

Suzuki et al. Nature Genetics 41, 553 (2009) 

0h  1h  2h   4h     6h           12h                                        48h                                        72h                               96h 
PMA	


FANTOM4 samples analysis stream 
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∑= m mspmps ARe ∑= m mspmps ARe
Reaction efficiency 

•  　Number of possible binding sites 
•  　Degree of conservation of the motif 
•  　Chromatin status  

Activity of motif m	


Number of CAGE tags that 
mapped on the same site 

Genome	


m1 m1 m1 m2 m3 

CAGE tag 

Promoter1	


m1 m4 Promoter2	
・
・
・
・
	


m1 m5 Promoter 
 29,857	


29,857 promoters were identified. Using TFBS (motif) information and linear 
expression model, we calculated each motif activity.　 

Motif activity concept	




Cell cycle 
Mitosis 

Microtuble 
cytoskelton 

Inflammatory 
response 

Cell adhesion 

Immune 
response 

Edge support 
Green: siRNA 
Red: literature 
Blue: ChIP 

Motif activity 

Up 

Down 

Transient 

：enriched GO 
for regulated 
genes 

Size of nodes：	

Significance of motifs 

55 out of 86 edges were supported by experiments/in the literature.  

Monocyte	


Monoblast	


Transcriptional regulatory network  
consisting of 30 core motifs 



FANTOM5 

Forrest AR et al., Nature 507, 462-70 (2014) 	




Cell specific network models 
Key transcription factors, Key motifs 

Integrated transcript sequencing 
•  CAGE promoter map 
•  RNA-seq transcript map 
•  Short RNA processing map 

Transcript discovery 
•  Better gene models 
•  New lncRNAs 
•  New insights on processing 
•  Promoter-centered expression map 

1000 human samples types (500 mice) + time courses perturbations 

Primary  
cell 

compendium 

39635 TPM 

13210 TPM 

0 

0 

Expression 
level 

Expression 
level 

Median 
0 

Median 
5067 

947 samples 

ACTB 

GFAP 
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Global Network of all the 
Cells in the human body	




How are cells characterized?	


Self reinforcing stable internal network 

Defined outputs (eg growth factors) 

Response to inputs 

• Surface markers 
• Morphology (shape, volume, polarity) 
• Single or multinucleated, enucleated 
• Ploidy 
• Motility (adherent, resident, migratory) 
• Differentiation potential 
• Self renewal potential 
• Developmental/lineage history 
• Tissue of origin 
• Developmental age (doublings?) 
• Doubling time 



How are cells characterized?	


Definition of cell	
 Objective?	


Surface markers	
 Not sufficient	


Morphology (shape, volume, polarity)	
 Definition is very difficult for 
non professionals 	


Ploidy, single or multinucleated, enucleated	
 Not informative	


Motility (adherent, resident, migratory) Not informative 	


All promoters on human genome 
will be revealed.	


The most objective definition 
of the cell !!	


Chr1�Chr2� ChrX� ChrY�Chr22�

1bp� 3x109bp�Human 
genome�

Transcriptional regulatory NW	




Start Cell	
 Target Cell	


Common network	
Start cell specific network	
 Target cell specific network	


The Application of Basin Network Analysis (Cell conversion) 



“Snapshot”	


Motif	
  activity

Up

Down

Transient

Monocyte

Monoblast

The Application of Basin Network Analysis (Cell conversion) 
In the case of monocyte	


Fibroblast�

Common network�

Fibroblast 
specific  
network�

Monocyte specific network�

Monocyte�

Common network�

Fibroblast 
specific  
network�

Monocyte 
specific 
network�



Asymmetric regulation by two networks  
during cell reprogramming	


Intrinsic fibroblastic TRN	
 Imposed monocytic TRN	


Fibroblast-specific 
gene expression	


Monocyte-specific 
gene expression	


Fibroblast cell	

Li JR et al. PLoS One 11, e0160459 (2016)	


Induction	
 Induction	




Mogrify: Predictive system to find TFs to induce direct cell reprogramming 

Ø Based on 
•  Gene expression data 
•  Regulatory NW info. 

Ø Publicly available 
http://www.mogrify.net	


Rackham OJ et al. Nature Genetics 48, 331 (2016)	




CAGE locates known enhancers in vivo 

	
  

	
  

Based on this, we make a rule 
to locate novel transcribed 
enhancers over the whole 
FANTOM collection. 

Enhancers have bidirectional 
CAGE transcription. 
Bidirectional transcription 
identifies the nucleosome 
boundary. 

Analysis led by Andersson and Sandelin, Univ. of Copenhagen 



CAGE locates known enhancers in vivo 

	
  

	
  

Analysis led by Andersson and Sandelin, Univ. of Copenhagen 

We identified 65,423 and 
44,459 enhancers in 
human and mouse. 

60% are over-represented 
in one cell/tissue group 



Disease-associated SNPs are  
enriched in enhancers… 

Contributed by Baillie K. et al. The Roslin Institute 



FANTOM5 

Erik Arner et al. Science 347, 1010 (2015) 

32 time course series 
Mouse & Human 

Early	
  response	
  	
  	
  	
  	
  	
  	
  Ac+va+on	
  	
  	
  	
  	
  	
  	
  	
  Differen+a+on
	


Alistair R. R. Forrest et al., Nature 507, 462 (2014) 	




New paradigm:  
Enhancer/promoter activation shift 

TM
P

	


Erik Arner et al. Science 347, 1010 (2015) 
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Enhancers are in control !!! 

•  They broadly initiate 
and coordinate 
biological responses 

•  Promoters of 
Transcription Factors 
follow 

•  Everything else follows 

Erik Arner et al. Science 347, 1010 (2015) 
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http://fantom.gsc.riken.jp/	


Databases by Hideya Kawaji, Takeya Kasukawa et al.  
ZENBU: Jessica Severin et al. Nature Biotechnology 32, 217 (2014) 

SSTAR: Imad Abugessaisa et al. Database pii: baw105 (2015) 

Number of page view a year 
  Total:      9,217,440 
  ZENBU:  2,927,780 (FY2015)	




New frontier of ncRNA 
We know very little yet	


Transcription Transcription

Regulation
Translation
 

Regulation

53%
ncRNAs 
23,218

47%
mRNAs 
20,929

Regulation

Regulation

Discovery of the “RNA continent” (2005) 

mRNA (protein coding)�

ncRNA 

~22,000�

25,000~40,000�

>67.0% 
Multiple references in PubMed�

98.4% 
No reference in PubMed�

de Hoon et al., Mammalian Genome 26, 391 (2015) 	




FANTOM6 Strategy 
Principle Systematic pipeline 



What can technologies (cap-trap, CAGE) 
contribute to:	


•  annotation using cDNAs, CAGE 
•  human, mouse genome (transcriptome data to find genes) 

•  Nature 2001, 2002 Genome Res 2008 (hypertensive rat) 
GENOME Projects 

•  Contribution with CAGE, nanoCAGE, etc. 
•  Nature 2007, two Nature 2012 special issues 

ENCODE 

•  Nature 2014 
ModENCODE Transcriptome 

•  Nature 2014 
Zeprome (Zebra fish Promoterome) 



Future possibilities with CAGE	


ü  Comprehensive promoter & enhancer analysis 
•  All genes & ncRNAs 
•  All developmental stages 
•  All species 
•  Health & diseases 

ü  Characterization and quality control of iPS cells 
ü  Expression quantitative trait loci (eQTL) 
ü  Drug response analysis 
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