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Life, cell, chromosome & DNA
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Life, cell, chromosome & DNA

≠

Genome 3D structure is organized
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   Ong & Corces, Nat. Rev. Genet., 2014

From structure to function

3D structure regulates gene expression
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Chromosome Conformation Capture assays
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Hi-C: the experiment

Hi-C: high-throughput chromatin conformation capture 
(Lieberman-Aiden et al, Science, 2009, Rao et al, Cell, 2014)

crosslink DNA
(“fixation”)

cleave genome with 
restriction enzyme

biotin-mark and 
ligate extremities

fragment, select 
biotin-marked junctions

sequence fragments
(paired-ends)
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Hi-C: the experiment

Rao et al, Cell, 2014

Hi-C: high-throughput chromatin conformation capture 
(Lieberman-Aiden et al, Science, 2009, Rao et al, Cell, 2014)
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Hi-C: the experiment

Hi-C: high-throughput chromatin conformation capture 
(Lieberman-Aiden et al, Science, 2009, Rao et al, Cell, 2014)
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www.nature.com
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The ENCODE project

Encyclopedia of DNA elements

goal: characterize (annotate) all functional 
elements of the human genome

mainly USA, UK, Spain, Singapore, Japan

32 institutes

440 scientists

$300M budget
from NHGRI
(pilot phase +
production, 
2003-2012)
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ENCODE experiments

Modified from PLoS Biol 9-e1001046, 2011 & Science 306:636, 2004
Image credits: Darryl Leja (NHGRI), Ian Dunham (EBI), Michael Pazin (NHGRI)
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ENCODE publications
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ENCODE publications

2007: pilot project

2012: 30 articles
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The FAANG project

FAANG: Functional Analysis of ANimal Genomes

Andersson et al, Genome Biology, 2015
Coordinated international action to accelerate Genome to Phenome -
the Functional Annotation of Animal Genome (FAANG) project
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The FAANG project

FAANG: Functional Analysis of ANimal Genomes

www.faang.org

=> 3 pilot projects
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a French pilot project of FAANG

goal: improve functional 
annotation of livestock genomes

founding: INRA, France (300KE)

4 INRA sites, 9 labs, 58 scientists

4 species: pig, chicken, cattle, goat

primary targets: 
liver & blood cells (CD4+ & CD8+)

molecular assays:
RNA-seq, Hi-C & ATAC-seq

duration: 2015-2017

EMBL-EBI

ROSLIN Inst.

WAGEN. 
Univ.

INRA

INRA

INRA
CNRS

INRA

FR-AgENCODE: overview

E. Giuffra, 
INRA GABI
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FR-AgENCODE: overview

Sus scrofa
(Large White)

Gallus gallus
(White Leghorn)

Bos Taurus
(Holstein)

Capra hircus
(Alpine)

2x

2x

Sampling: 40+ tissues 
(liver, CD4+, CD8+, sperm, plasma, heart, lung, skin, fat, 

duodenum, ileum, jejunum, cerebellum, frontal lobe, 
olfactory bulb, trigeminal ganglia, hypotalamus, pancreas, 
andrenals, kidney, muscle, bone, joints, spleen, lymphatic 
nodes, peyer's patches, ovary, oocytes, oviduct, uterus, 

mammary gland, acini, testis, seminal vesicle, etc) 

=> INRA CRB-Anim biorepository

Molecular assays: 3 target tissues
transcriptome & chromatin structure profiling
polyA+ RNA-seq (mRNAs & lncRNAs, 130M RP/lib)
small RNA-seq (miRNAs & <200nt RNAs, 40MR/lib)

Hi-C (130M RP/lib) & ATAC-seq (40M RP/lib)

Hi-C: chromosome conformation capture

Rao et al, Cell, 2014

Buenrostro et al, 2013

ATAC-seq: chromatin accessibility

Bioinformatics data analysis
genome annotation, gene expression, lncRNAs & sRNAs 
annotation/prediction, chromosome interaction matrices & 

contact heatmaps, allele-specific expression, chimeric 
transcripts detection, comparative genomics, etc

RNA-seq: long & short RNAs
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FR-AgENCODE: sampling

Sus scrofa
(Large White)

Gallus gallus
(White Leghorn)

Bos Taurus
(Holstein)

Capra hircus
(Alpine)

2x

2x

34 somatic tissues + 13 reproductive tissues (8 female + 5 male):

liver, sperm, CD4+, CD8+, plasma, heart, lung, skin, fat, duodenum, 
ileum, jejunum, cerebellum, frontal lobe, olfactory bulb, trigeminal 
ganglia, hypotalamus, pancreas, andrenals, kidney, muscle, bone, 
joints, spleen, lymphatic nodes, peyer's patches, ovary, oocytes, 
oviduct, uterus, mammary gland, acini, testis, seminal vesicle, etc... 

total: 2,000 to 6,000 samples

INRA CRB-Anim biorepository
M. Tixier-
Boichard, 
INRA GABI

S. Fabre
INRA 
GenPhySE
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FR-AgENCODE: molecular assays

Modified from PLoS Biol 9-e1001046, 2011 & Science 306:636, 2004
Image credits: Darryl Leja (NHGRI), Ian Dunham (EBI), Michael Pazin (NHGRI)
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FR-AgENCODE: molecular assays

Modified from PLoS Biol 9-e1001046, 2011 & Science 306:636, 2004
Image credits: Darryl Leja (NHGRI), Ian Dunham (EBI), Michael Pazin (NHGRI)



Sylvain Foissac  Hi-C data analysis GenoToul GetPlage, INRA Toulouse - Mai 2016

FR-AgENCODE: molecular assays

RNA-seq
directional protocol, Illumina Hi-Seq3000

polyA+ RNAs (mRNAs + lncRNAs)
100M+ pairs (2x150bp) per sample (2/lane)

sRNAs (miRNAs and others)
35M reads (1x50bp) per sample (3/lane)
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FR-AgENCODE: molecular assays

RNA-seq
directional protocol, Illumina Hi-Seq3000

polyA+ RNAs (mRNAs + lncRNAs)
100M+ pairs (2x150bp) per sample (2/lane)

sRNAs (miRNAs and others)
35M reads (1x50bp) per sample (3/lane)

Hi-C: chromosome conformation capture
(Lieberman-Aiden et al, Science, 2009, Rao et al, Cell, 2014)

Rao et al, Cell, 2014
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FR-AgENCODE: molecular assays

RNA-seq
directional protocol, Illumina Hi-Seq3000

polyA+ RNAs (mRNAs + lncRNAs)
100M+ pairs (2x150bp) per sample (2/lane)

sRNAs (miRNAs and others)
35M reads (1x50bp) per sample (3/lane)

Hi-C: chromosome conformation capture

16 samples (4 replicates, 4 species)

130M read pairs per sample (2 lib/lane)
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FR-AgENCODE: molecular assays

RNA-seq
directional protocol, Illumina Hi-Seq3000

polyA+ RNAs (mRNAs + lncRNAs)
100M+ pairs (2x150bp) per sample (2/lane)

sRNAs (miRNAs and others)
35M reads (1x50bp) per sample (3/lane)

Hi-C: chromosome conformation capture

16 samples (4 replicates, 4 species)

130M read pairs per sample (2 lib/lane)

ATAC-seq: chromatin accessibility

Adapted from: www.illumina.com/techniques
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FR-AgENCODE: molecular assays

RNA-seq
directional protocol, Illumina Hi-Seq3000

polyA+ RNAs (mRNAs + lncRNAs)
100M+ pairs (2x150bp) per sample (2/lane)

sRNAs (miRNAs and others)
35M reads (1x50bp) per sample (3/lane)

Hi-C: chromosome conformation capture

16 samples (4 replicates, 4 species)

130M read pairs per sample (2 lib/lane)

ATAC-seq: chromatin accessibility

Comparative analysis of genome topology and expression

D. Esquerré
INRA GetPlage

H. Acloque,
INRA GenPhySE
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Hi-C data analysis: overview

HiCUP, www.bioinformatics.babraham.ac.uk/
Lajoie et al, 2015
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Hi-C data analysis: overview

clean and trim the reads

map the reads on the genomic reference

filter bogus configurations

count the reads per genomic bin => contact matrix

normalize the matrix

identify topological domains, cis- and trans- interactions

comparative/integrative analysis
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Hi-C data analysis: the contact matrix

Sexton et al 2012
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Hi-C data analysis: the contact matrix
Rao et al, Cell, 2014
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Hi-C data analysis: matrix normalization

Number of reads per bin (coverage) depends on: 

GC%

density of restriction sites

repeats and “mappability”

overall depth of coverage

Others?

=> “Parametric” vs. “non-parametric” normalization
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Knight & Ruiz, IMA J. Numer. Anal., 2013

Hi-C data analysis: matrix normalization
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Ay & Noble, Genome Biology, 2015

Hi-C data analysis: matrix normalization
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Hi-C data analysis: finding topologically 
associated domains (TADs)

Rao et al, Cell, 2014

methods: clustering, 2D-segmentation, etc
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Hi-C data analysis: finding topologically 
associated domains (TADs)

Directionality Index

Dixon et al., Nature, 2012 DI HMM => TADs
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Hi-C data analysis: finding topologically 
associated domains (TADs)

Weireb & Raphael, Bioinformatics, 2015
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Hi-C data analysis: integrative analysis

Dixon et al 2012
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Data analysis

Pipeline
Trim reads (ligation site)
Map on reference genome
Discard inconsistent pairs
Count reads in pairs of genomic 
bins & generate contact matrix
Normalize contact matrix 
(non parametric, matrix balancing)
Identify Topologically Associated 
Domains, cis and trans interactions

Software
HiC-Pro pipeline (Servant et al 2015)
Bowtie2 mapping (Langmead et al, 2009)
ICE normalization (Imakaev et al, 2012) 
HiTC display (Servant et al, 2012)
HiFive pipeline (Sauria et al, 2015)
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Hi-C data analysis: FR-AgENCODE pipeline
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FR-AgENCODE Hi-C preliminary results

Dixon et al data 
(human, from Servant et al 2015)

Read pairs status after mapping

Rao et al data
(mouse, CH12 cells) 

62% 
valid pairs

71% 
valid pairs

Servant et al 2015
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FR-AgENCODE Hi-C preliminary results

Dixon et al data 
(human, from Servant et al 2015)

Read pairs status after mapping

Rao et al data
(mouse, CH12 cells) 

FR-AgENCODE data
(mouse, STO cells) 

62% 
valid pairs

71% 
valid pairs

90% 
valid pairs
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FR-AgENCODE Hi-C preliminary results

Dixon et al data 
(human, from Servant et al 2015)

Read pairs status after mapping

Rao et al data
(mouse, CH12 cells) 

FR-AgENCODE data
(mouse, STO cells) 

FR-AgENCODE data
(pig, hepatocytes) 

62% 
valid pairs

71% 
valid pairs

90% 
valid pairs

4% 
valid pairs
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FR-AgENCODE: Hi-C preliminary set-up
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FR-AgENCODE: Hi-C preliminary set-up

pig muscle,
snap frozen,

chr1

pig liver,
isopentane,

chr1
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FR-AgENCODE: Hi-C preliminary results

chicken
liver, 

animal #2
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FR-AgENCODE: Hi-C preliminary results

chicken
liver, 

animal #4
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FR-AgENCODE: data management and analysis

Data production

RNA-seq: 2.2T

Hi-C: 0.8T

ATAC-seq: 1.1T

=> Expected total: > 3T of raw sequence data

Data storage

GenoToul ng6

EMBL-EBI (FAANG rapid data release policy)

Data analysis

INRA units

EMBL-EBI (FAANG analysis pipelines) 
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FR-AgENCODE in FAANG

Bioinformatics and Data Analysis Committee

aim: define standard pipelines

Working Groups

transcriptome: RNA-seq, lncRNA-seq, sRNA-seq

regulation: ChIP-seq

methylation: WGBS, RRBS

chromatin structure: Hi-C, DNAse-seq, ATAC-seq

activities: teleconferences, seminars, hackatons

identification of reference datasets

list and benchmark tools

publicly report
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Summary / Conclusion

Hi-C allows to capture 3D conformation of the chromatin

INRA protocol for tissue samples from livestock species

INRA contribution to the FAANG action and 
the Genome to Phenome challenge

FR-AgENCODE pilot project

Samples and Assays committee

Bioinformatics and Data Analysis committee

Success story incoming?

To Be Continued...
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