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3D Epigenome Data Analysis
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Curriculum Vitae

Speaker Name: Inkyung Jung, Ph.D.

w0 i » Personal Info

Name Inkyung Jung
Title Associate Professor
Affiliation KAIST

» Contact Information

Address Department of biological sciences, KAIST
Email ijjung@kaist.ac.kr

Phone Number +82-42-350-7314

Research interest : Epigenetic gene regulation, 3D chromatin structure

Educational Experience
2006-2011 Ph.D. KAIST / Bio and Brain Engineering
2002-2006 B.S. KAIST / Biosystems

Professional Experience

2016-present Assistant Professor, Associate Professor, Department of Biological Sciences, KAIST
2012-2016 Postdoctoral fellow, Ludwig Institute for Cancer Research
2011-2012 Postdoctoral fellow, KAIST

Selected Publications (5 maximum)

1. Kim K* Jang I*, Kim M*, Choi J, Kim MS, Lee B#, Jung I# (2020) 3DIV Update for 2021: a comprehensive
resource of 3D genome and 3D cancer genome. Nucleic Acids Res. Jan 49(D1):38-46

2. Lee JS* Park S* Jeong HW*, Ahn JY*, Choi SJ, Lee H, Choi B, Nam SK, Kwon JS, Jeong SJ, Lee HK, Park
SH, Park SH, Choi JY#, Kim SH#, Jung I#, Shin EC# (2020) Immunophenotyping of COVID-19 and
influenza highlights the role of type | interferons in development of severe COVID-19. Science Immunol.
Jul 4(49)

3. Jung I*#, Schmitt A*, Diao Y*, Lee AJ, Liu T, Yang D, Tan C, Eom J, Chan M, Chee S, Chiang Z, Kim
C, Masliah E, Barr CL, Li B, Kuan S, Kim D, Ren B#. (2019) A Compendium of Promoter-Centered Long-
Range Chromatin Interactions in the Human Genome. Nat Genet. Oct 51(10):1442-1449

4. Ryu J* Kim H* Yang D, Lee AJ, Jung I. (2019) A new class of constitutively active super-enhancers is
associated with fast recovery of 3D chromatin loops. BMC Bioinformatics. Mar 20:127

5. Yang D* Jang I*, Choi J, Kim MS, Lee AJ, Kim H, Eom J, Kim D#, Jung I#, Lee B# (2018) 3DIV: A 3D-

genome Interaction Viewer and database. Nucleic Acids Res. Jan 46(D1):52-67
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Unsolved question: Mapping 1D Genome to 3D genome

Can we better understand genome through 3D genome?




Epigenetic gene regulation determines cell fate

Dixon, J. & Jung, . (2015) Nature

Kim, SK. & Jung, I. (2012) JBC

(1905-1975)

Jung, I. Kim, SK, Kim, M. (2012) Genome Research
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Leung, D. & Jung, I. (2015) Nature
Jung, I. (2019) Nature Genetics

Waddington's epigenetic landscape (Evolution, 1956)

“Enhancer” is a major player in epigenetic gene regulation

Insulator Promoter Enhancer
(Barrier)

Insulator

(Enhancer blocking)

Silencin
elemen

Insulator
(Barrier)

Current Opinion in Genetics & Development

Increase gene
expression

Active enhancer

Active promoter

W H3K27ac
M H3K4me3

Gene

A epigenetic switch of gene expression

-3-




Enhancers can control distal target gene expression

Polydactyly syndrome

=z , A
Normal hand Preaxial Postaxial Triphalangial thumb
polydactyly type2 polydactyly typeA polysyndactyly

-

Shh Rnf32 ZRS Lmbr1
Gene (chr?) Enhancer
N IMbp A

How do enhancers control distal target gene expression?

gLer

Enhancer

Promoter

@ CTCF
Cohesin

3D genome: A spatial arrangement of the genome where distant
DNA fragments can be juxtaposed in nuclear space
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Genome functions are tightly coupled with 3D chromatin structure

Cellular differentiation Oncogene activation Congenital disorder

Oncogene OFF o Structural variations affecting TAD boundaries

T e e e

Oncogene ONv’ 083 o incery| Enhercer chisier .2t
®® B ®

Human limb phenotype

ylwl [y] [y

F-syndrome  Polydactyly Wild-type Brachydactyly
Dixon, JR*., Jung, I*,, et al., Nature (2015) Hnisz et al., Science (2016) Franke et al., Nature (2016)
X-chromosome inactivation DNA replication DNA repair

Chex

Celtype2

Engreitz et al., Science (2013) Pope et al., Nature (2014) Misteli & Soutoglou, Mol Cell Biol (2009)

Compartment A/B Individual chromosome  TAD (Topologically E-P interactions

i1 asoaatlng domains)

Enhance

Promoter

Enhancer

@ CTCF

400 Cohesin

Kim et al., 2019

N AL 8 L o

ME

YAV A

MSC
A A

NPC
O A\

B
Caid A £ AN

chr12:88,000,000-92,000,000

20 Normalized
o ligation frequency

Hu et al., (2013) Bolzer et al., (2005) Dixon et al., (2015) Jung et al., (2019)
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Chromosome territories A/B compartments TADs/domains corner-peaks

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Nora et al, 2012

A theory of chromosome territory

FISH (Fluorescence in situ hybridization) labeling of all 24 different human
chromosomes (22, X, and Y) in a fibroblast nucleus, each with a different
combination of in total seven fluorochromes.

Bolzer et al., (2005




What is a driving force that directs macro-scale 3D genome?

Blue : Nucleus
Red : PRC2 hub

PRC2 mutant

Chul-hwan Lee, SNU, unpublished

Phase separation, a new paradigm of 3D genome organization
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Chromosome territories A/B compartments TADs/domains corner-peaks

Eg/ S s

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 aetal, 2012 Rao & Huntley et al,, 2014
Dixon et al., 2012

Comprehensive Mapping of Long-Range
Interactions Reveals Folding Principles
of the Human Genome

Erez Lieberman-Aiden,>#3** Nynke L. van Berkum,** Louise Williams,® Maxim Imakaev,”
Tobias Ragoczy,®” Agnes Telling,%” Ido Amit,* Bryan R. Lajoie,® Peter ]. Sabo,®

Michael 0. Dorschner,® Richard Sandstrom,® Bradley Bernstein,® M. A. Bender,'®

Mark Groudine,®’” Andreas Gnirke,' John Stamatoyannopoulos,® Leonid A. Mirny,>*!

Eric S. Lander, 1213} Job Dekker®t




How can we investigate 3D genome organization?
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Lieberman et al., Science (2009)

Hi-C contact map to visualize 3D genome

B

A
l l chrll
@i "THENNY D

B—> ()
3 Reads
$0.00005

chril

cis-chromosomal interactions (chr11)
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Modeling 3D chromatin structure from Hi-C contact map

Chromosome 5 (181Mb)

Chromosome 5 (18Mb)

Hi-C Contact Map

3D modelling

What is a major structural component?

Compartment B

Compartment A
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Two major compositions of chromatin structure: Compartment A/B

= L1 L2 L3 L4 F L1 L2 L3 L4

‘o “;!! Chr 14 ) ] Chr 14 )
The loci in the same com_pe}rtment . n . .
showed spatial proximity . !

Compartment A Compartment B
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Compartment A Compartment B

=3

Number of loci
2 2 =
Number of loci
s

Dmance tol3 (mlcmns] Dlstance to L2 (mlcrons)

Compartment A/B dynamics during stem cell differentiation

OP89 coculture -> colony-forming

-> colony subculture . Mesenchymal
4 Stem Cell (MSC)
Crosslink DNA / 19-22 days
: Noggin + SB431542 Neuronal Progenitor
AAGCTT hESC (H1 ) >
TTCGAA

/ — 7 days Cell (NPC)
B & N + BMP4 Trophoblast

€%
\ 5 days (T8)
FGF2 + BMP4 Mesendoderm

2 days (ME)

Perform Hi-C experiment
(3.85 billion unique read pairs, on average 770 million)

Dixon, JR., Jung, I., et al., Nature (2015)
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Compartment A/B patterns are highly dynamic

- Compartment A |:| Compartment B
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ES ME MSC

38% WL 300,
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Stem Cell (MSC)
/ 19-22 days
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- 7 davs Cell (NPC)
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Fraction of genome marked as compartment A (blue)and B (yellow)
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Chromosome territories A/B compartments TADs/domains corner-peaks
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nuclear envelope Lieberman-aiden & van Berkum et al, 2009 Nora etal, 2012 Rao & Huntley et al, 2014
Dixon etal, 2012

Topologically Associating Domains (TADs)

45°

Dixon et al., 2012
_— Nora et al., 2012
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Topologically Associating Domains (TADs)

hESCs

INSIG11 EN2 | Hi#HH BBM33 LOC28588%: C70rf13i NOM1Hl 4 UBESC
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LMBR1 =t
4 4
TAD boundary No boundary

TAD boundaries are well maintained during differentiation

Normalized Interaction Frequency
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TAD-wise interaction changes during cellular differentiation

A Normalized -

interaction
frequency v
Chri: | 5 Mb! 60,000‘,0'00l ‘ 65,06.0,000I
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TAD boundaries are evolutionarily well conserved

60,
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Chri2: 930000001 92000000I 91000000
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TAD is a basic unit of 3D chromatin structure

1. The human genome is organized into 2000~3000 TADs
2. TAD boundaries are well maintained during cellular differentiation and evolution
3. However, within TAD interactions are dynamic in cell-type specific manner

Spatially isolated and
highly self-interacting
region

| Nuclear
scale

Chromosome <
territories

Chromosome
scale

Open —=

Closed —l_

Megabase
scale

Fractal —
globule
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What is the functional role of TADs?

TAD boundary restricts long-range enhancer controls

Shh promoter
= Shh enhancer

Triphalangial thumb
polysyndactyly

INSIGIE  EN2j Wi BBM33 LOC2858891 C7orf131 NOM1H§ }EHHH UBESC
CNPY1HM SHHI LINCO02441  HRNF32 MNXil

LOC6452491 DNAJB6 HHH
LMBR1 i+

From Dixon et al, Nature (2012) and Smallwood et al, Current Opinion Cell Biology (2013)
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TAD boundary disruption as oncogenic driver — Model 1

O Enhancer
l:_— Promoter and gene
> CTCF binding site
4 Chromatin loop

TAD boundary disruption
Deletion of CTCF sites
Methylation of CTCF sites

Activation of oncogene

Current Opinion in Genetics & Development

Activation of proto-oncogenes by disruption of TAD boundary

CANCER

oncogene activation

Activation of proto-oncogenes TAD boundary disruption induces

by disruption of
chromosome neighborhoods

Oncogene OFF®

Rasmus O. Bak,” Charles H. Li,"? Johanna Goldmann,' Bryan R. Lajoie,> Zi Peng Fan,"*

Denes Hnisz,"* Abraham S. Weintraub,?* Daniel S. Day,! Anne-Laure Valton,? l

Alla A. Sigova,' Jessica Reddy,"? Diego Borges-Rivera,"> Tong Ihn Lee,"
Rudolf Jaenisch,> Matthew H. Porteus,* Job Dekker,>® Richard A. Young"2t Oncogene ON«"
Oncogenes are activated through well-known chromosomal alterations such as gene fusion,
translocation, and focal amplification. In light of recent evidence that the control of key genes
depends on chromosome structures called insulated neighborhoods, we investigated whether
proto-oncogenes occur within these structures and whether oncogene activation can occur
via disruption of insulated neighborhood boundaries in cancer cells. We mapped insulated

neighborhoods in Tcell acute lymphoblastic leukemia (T-ALL) and found that tumor cell genomes
contain recurrent microdeletions that eliminate the boundary sites of insulated neighborhoods Hnisz et al., 2016 (Science)
containing prominent T-ALL proto-oncogenes. Perturbation of such boundaries in nonmalignant ’

neighborhood boundaries were found in many types of cancer. Thus, oncogene activation can
occur via genetic alterations that disrupt insulated neighborhoods in malignant cells.

[ewlioN

uonaapPOoIdIW

cells was sufficient to activate proto-oncogenes. Mutations affecting chromosome T-cell acute lymphoblastic leukemia (T-ALL)

oluaboyred
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I[dentification of recurrent deletion at TAD boundary

Constitutive neighborhood non-boundary
boundary CTCF sites CTCEF sites

£ 0.06+ 0.06+
2]
O 0.05 0.051 * |dentified recurrent deletions
1) .
§ 0041 0.041 in T-ALL genome
£ 0034 0.03 » 113 of 438 overlapped at
£ o0l 0.02 least one boundary of TAD
E
£ 001+ 0.01-
£
g o

0.
ko CTCF o w0 CTCF Ly
motif motif

Insulated 115 kb

TAD at the silent LMOZ2 locus  neighborhood: Insulated

= neighborhood
ﬁzfa;i%;s- /\10 Kb
. - Cohesin

] CTCF | cTcF PR cTeF
LMO2 (LIM Domain Only 2) is a protein 272 1: sMct |
coding gene, having a central and crucial role 81 H3Ke7Ao
in hematopoietic development (T-ALL 40k RNA-Seq oD
pathogenesis gene) S 4 vos

Cohesin ﬂ%_ =

CTCF Enhancer y /,‘

>, P

Active Enhancer
Oncogene

Proto-oncogene

Can disruption of TAD boundary (TAD fusion) activate proto-
oncogenes through enhancer-hijacking?
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Disruption of TAD boundary by CRISPR/Cas9

Disruption of insulated neighborhood
with CRISPR/Cas9

interaction

TAD — e— OO

[ |

ChIA-PET ! 0

interactions: h .

. 7 N _50kb

11, . L CTCF e
100 L LLL smer

ﬁ"wl-ﬂﬂl'lmm.m

CAPRIN1 NAT10

Patient [

deletions

Disruption of TAD boundary activates LMO2

Cohesin NAT10

CTCF : CAPRIN1 :

LMO2 CAPRIN1

LMO2
o NAT10
LMO2
S 25
k= )
% = 20 5
o = <
g2 1o 8
<
3 = 1.0 g
Q L 05 -
S e
- 0.0 =
N o
& ¢ 3
RN =
F P E
é‘\stG G
IS

wild type HEK-293T

LMO2-ACTCF HEK-293T

¢chr11:33,003,550-35,003,549

wild type HEK-293T

LMO2- ACTCF HEK-293T

W
L

*

normalized reads

o

normalized reads
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TAD disruption as oncogenic driver — Model 2

() Enhancer
C g~ Promoter and gene
{ Breakpoint

Global rearrangement

. i
— ¥
Activation of oncogene

Current Opinion in Genetics & Development

TAD rearrangments as oncogenic driver — Model 2

Normal
W H3K27ac
Cannot activate a proto-oncogene W H3K4me3
Active enhancer Promoter Oncogene

W H3K27ac
M H3K4me3

N
-

Active enhancer Active promoter Oncogene

Can activate

Tumor
the proto-oncogene
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TAD fusion driven by a large-scale deletion activates a proto-oncogene

chr3:17,720,000-31,080,000 —

panNormal
1Mb

A B i i i e O e & y.

14-431T . :
H3K27ac l I d l )
il Loadls L sl H
RNA Significant
M ' | 1L \lu L I J Interactions K\790kb |
1
.r"*‘. | ! “
Tumor-specific | HaKa7ac |
14-431T chromatin contact” _‘\ - “ E l‘
& bt il g, R abic B o ke Super-enhancer |
; ; —>—HHHIQI Y
H3K27 1 1
* .|J | ||h 1 J\ J l|| : 1||J] .d pedl h'hl_ e B e
i | TOP2B
SR A B W N 1 |
ys wld . L A II !
Super-enhancer w wri
Deep Learning - SV (Deletion) %
CHHE HEH B HH - - H M e lﬂq
THRB TOP2B

Unpublished data

CRISPR/Cas9 mediated site-specific chromosomal rearrangement at

the TOP2B and distal super-enhancer into a single TAD
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I 1
30
Tumor-specific: 10
chromatin contact o 20 g 8
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Chromosome territories

nuclear envelope

A/B compartments

Lieberman-Aiden & van Berkum et al, 2009

TADs/domains

corner-peaks

Nora et al, 2012
Dixon etal, 2012

Rao & Huntley et al, 2014

Promoter-capture Hi-C: Enhancer-promoter interaction maps

27 Tissue and Cell Types

RNA Probe Synthesis

Promoter Capture

Capture 19,462 promoters

Hindlll Hi-C

Library

I,Ivand

3D-genome Interaction Viewer

— database

embryonic
stom coll

(uopnjoses a402)

fouanbay; uonoesajul
PoAOLIBL-SEIq Ul B0UBIBYIA

5
§ o « 2f
H w B8
8% distance-normalized H
33 00 interaciion frequency cut-of val 20 § %
@§ : §§

H1.ESC super-snhancer 1
H1-ESC super-enhancer 2

H1-derived Stem Cell

B

distance-normalized
interaction frequency cut-off value : 1.5

Bias-removed

interaction frequency
fouenbey) uogoeselul
pezeuLOL-0oURISIG

Yang et al., NAR (2018)

Jung et al., Nature Genetics (2019)
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Basic principles of enhancer-promoter interactions

1. Enrichment of distal interactions

2. Interactions are tissue-specific

150K 7 1.0
125K -
> 100K 1 -
e Median distance = 158kb ?3"'
g 75k d Total 892,014 pcHi-Cinteractions L g5 4
g (431,141unique interactions) g
" 50K < L
25K 4 L
0d L 0
15kb  500kb  1Mb  1.5Mb  2Mb

Distance of pcHi-C interaction

~158kb

‘-

P

158kb - a similar range of eQTL associations

chr21  26.4mb 27.2Mb 28.0Mb 28.8Mb 296Mb  30.0Mb

W[i
|

Dorsolateral
prefrontal cortex

Lymphoblast

H1-hESC

Hippocampus

Fibroblast

Left ventricle

Mesendoderm

Mesenchymal
stem cell

Spleen

Thymus

S
z 3
3
3
§ =
-
& F
g b
N o ®

oo |

13~45% of pcHi-C interactions are unique

Basic principles of enhancer-promoter interactions

3. E-P interactions correlate with tissue-specific gene expression

Hippocampus pcHi-C interaction

T:;" /‘\ 100kb
u @ chr2 -
3 E
™~ o
NI I . A
o re— S issue type
I
£ {8 L0C100287010 LINCOT114 f Wil LOC100506421 yp
e it LINCO 1102 | POU3F3
Gene
AO " AO ° AO . .
BL* BL ® BL activation
GA ", GA GA
LCL ™ LCL LCL
H1 % H H1
L] T HC™ o oad HC |
IMR90 ] IMR90 IMR90
LG " LG ° LG
L L Ll
(I v * Lv Gene
ME * ME * ME repression
oV ov ov p
RV RV ° RV
SB* SB ° SB .
TH® el H Tissue type B
MSC ", MSC * MSC
NPC " L pmpeerrrer NPC ™, NPC L I B I |
FOS,FFPM 105, QW F05_4},IM 105_4;9M 0 15 3.0

H3K27ac ChiP-seq RNA-seq near

POU3F3 promoter

pcHi-C freq.

Distance normalized

-24-




* Genome is organized into multiple-layers

* TAD is a basic structural and functional unit of 3D chromatin structure
* Disruption TAD may potentiate disease-specific gene expression

* Long-range enhancer-promoter interactions are critical in cell/tissue-

specific gene expression
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1. GME
2. HME 3X} X O|O|Ef EA] HbH

Normalization
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Sequencing Hi-C Library and then What is the next step?

 Put the ends back together
» Map to a reference genome al.
» Determine ligation frequency

St |

High

Low

* Binning - Matrix -

* Unless single cell, ensemble average (over 106 cells)

° SIZGS (resolutlon) Unless phased, averages over homologs.

Unless synchronized, averages over the cell cycle.

Analysis Workflow of Hi-C data

‘ Good alignment |

L/

Mapping to RF* within the correct
distance (sonication)

‘ Ready quality check ‘

, ¥
-— * ‘ Mapping not too close to each other |
- E \

: I : Alignment | Remove reads from the same RF |
| Trim at ligation site | — Both mates separetly 7
Il | Read orientation fitter (Jin 2013) |
¥
‘ Filtering ‘ — | Remove PCR duplicates |
* e
‘ Normalization |
¥ ¥ \ ¥
Interaction calling ‘ ‘TAD calling | ’ Compartment ‘ ’ Inter-chromosomal contacts
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Ligation Frequency Matrix (Hi-C contact Map)

0|3 10|15 (12|15 |10 3 |30(6 |3 |1 |0 |0 0|0 |0|0 |00

o|29(19|3 10|01 (501 |3]|a|l2|0|0|0|0|0|0]|0O

o|1|/0|lo|o|1]|ealo|o|o|o|ojo|o|o|0o 00

o|2|2|3|1|12|o|0ojo|o|o|0o|0|0|0O|0] 0O

0|12|34|20(83| 9 |0|0o|0|o0|3|1|1|8 |80

* o|32|10(s6/ 0|01 |1][1]|0]0|0|0|0]|0
2

S o|45(/89|0|0fo0|0|0j0|O|0O|O|O]O

g, 0|99f45 (30|12 3|1 |00 0|0 |00

ﬁ_"_’ 0|60 |60|12|67 |56 20|13 50|29 30|90

s 0|12f13| 4 |3 |3 |3 |1|1]0]1

B o|5|6 (2|3 |1|1|1|0]0

ﬁ 0(13|20|15| 0|0 |0 |0 |0

2 o362 ]3|1]0]0

019|441 0|00

ofl2|1]|0|1]1

o|1|0]0]0

03|10

0|32

0|3

0

Restriction Fragments e

chr3:175,000,000

chr3:175,000.000
'

“hg38 | 4DNFIGBUQM'
urrent data resolution:
ransform: None ]

Resolution of Hi-C contact map

Fragment (~4kb) resolution

more than 1,000 contact

40 kb resolution

3

.

For the same Hi-C result, but different
visualization depending on the
resolution (bin size)
* At 40kb resolution, TAD looks clear
« At 4kb resolution location
interactions look clear

Determining optimal resolution is critical
to precisely interpret Hi-C result

No clear definition to determine Hi-C resolution so far since there is no clear resolution dependent properties.
However one paper proposed that bin size can be determined as at least 80 % of all possible bins having
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Factors determining Hi-C Resolution

C  Lieberman-Aiden etal. Kalhor et al. Jinetal. In situ Hi-C
(GM06990) (GM12878) (IMRS0) (GM12878)

fcewr? ) (& I (e | B I i D
r r

Some numbers in Hi-C resolution

* Human genome size: 3*10"9bp

» Restriction fragment length: ~4kb (6bp cutter)

* Number of fragments: 7.5*10"5

+ Total interaction space: 5.6*10"11

* Number of cells per experiment: 106

* When we have 200M usable reads (2*10"8), 200
interactions were measured per cell

+ Interaction space is under-sampled

How can we increase Hi-C resolution?

* Reduced interaction space (targeted approaches)
* Increased sequencing depth

* Reduced fragment size

Restriction enzyme dependent Hi-C contact map

B Hindll C  Hindlll (repeat) D Ncol
™1 Chr 14 j 1 “Chr 14 , j 1 O 14 )‘
=4 ; = ; =7

) ¢ ) )

= = =

Red: Higher ligation frequency - Spatially proximal each other

White: Lower ligation frequency - Spatially distal each other
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Bias Correction (Normalization)

Before

1Mb 1Mb

Uncorrected Corrected (balanced)

Bias Correction (Normalization)

Crosslink DNA

e & T
i l = ¥
#, =
Digestion efficiency as a Ligation efficiency as a Sequencing efficiency as a
function of sequence composition function of fragment length function of sequence composition

(and DNA compaction)

1. Explicit factor methods (ex: HICNorm)

— Model bias due to GC content, fragment lengths, etc.

2. Coverage based methods (ex: ICE)

— Don’t model explicit sources of bias. Only assumes factorizable biases
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Bias Correction - Explicit Factor Methods

« Yaffe and Tanay or HICNorm used explicit bias model based
on 3 features that cause biases in Hi-C result
» GC content, mappability, and effective length (or fragment length).
» External information dependent
« Effect of GC content on Hi-C library is enzyme-dependent.

Filtering for random ligation events

Biotin adapter
a . - b Hindlll MNeol
Specific Monspecific Specific Monspecific
ﬂ T8% 22% 88% 12%
Mapping - A “ ' A N
\/ Ligation % . 1.200K |
- 500K ! 1,000K !
. ———————— A00K 800K
- di 8 200k | 500 bp 8 1500 bp
= g ' g o :
S 200K i 2 400k |
Nonspecific product: 100K : 200K :
/ (d1+d2) > 500 bp oK4 jome - OK - — .
\ 'F 100 1,000 10,000 100 1,000 10,000
‘_, Sum of distances Sum of distances
dz to culter sites (d1+d2) to cutter sites (d1+d2)

Bias Correction - Explicit Factor Methods

Fragment length

GC bias

PCR + sequencing

Short Intermediate Long . Hindll ol o
fragment fragment fragment 060 060 L}
- dos -0 g
= 5 0.0 0.45 10 3
GC-rich pS §oas 0.40 il |
- 8 035 . <o’y
0.20 0.20 —4.0 @

GC-Door - _ ————— —_——————

(s = Bq'“ é? ch Q?(q eﬁg er”ccr-g) 6?9 v??) m““

GG content @ GC content @

Mappability bias
! Hingil Noal
d Hindlll Neol o g Mapping h " . rio §
1 10000 10,000 y'o % JRREY J R - 2
£ 4000 4,000 ¢ g e gz 3
£ z
g ‘ F-1o 3 £3 078 £3 078 -0 3
z 2000 2,000 = e ga B8 7
£ ! 203 € 8 g8 203
2 1000 1,000 s et LA L3 -0
. E— :
£ § = o R 0.50 0.50 g
£ 100 100 40 & seguence —40 &
| p— | —
515 \&m@i@“ a@“ 727 \@?bgp" SPQ a@“ =7 o.snpe r&'rrfa - 1.00 o.snp‘ar Cue.;smg . 1.00
K K
Fragment length @ Fragment length @ mappability mappability




Bias Correction - Explicit Factor Methods

HiCNorm

Let Ut = {u]‘ represent the n; X n; Hi-C cis contact map for chromosome i, where n; is the number of consecutive,

L

k}lsj,ksn
disjoint 1 MB bins in chromosome i. Each entry u]‘fk represent the number of paired-end reads spanning two bins Lj- and L. Let
x]‘ y} and zji represent the effective length feature, the GC content feature and the mappability feature at locus j for
chromosome i, respectively. Similarly, let x;, y;. and z;, represent the effective length feature, the GC content feature and the
mappability feature at locus k for chromosome i, respectively. We assume that u}k follows Poisson distribution with rate }k:

log(ﬁjik) = B(l) + ﬁlien log(xjix,ic) + ﬁ;cc lOg(Y}YIic) + log(zjizli) -

Here B¢ is the intercept term. },,, and ﬁécc represent the effective length bias and the GC content bias, respectively. log(zj"z};) is
the Poisson offset term of the mappability bias. We fit this Poisson regression model, and let 3§, Bf,,, and B, represent the

corresponding parameter estimates. We further define the estimated Poisson rate Aj‘k as following:
Ojic = exp{B + Bienl0g(xjxi.) + Bgec log(v]yi) + log(zzi)}

The residual efy, = u),./8} is the normalized cis interaction between two bins L; and Lj.

Bias Correction — Coverage Based Methods

* Do not try to identify sources of biases but learn their effect from data

number of reads
between segments i
and j

K1 K
c C Total number of reads
normalized ligation "\ =2
K K

frequency between i

segments jand j

Total number of for Total number of for
segment i segment j
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Bias Correction - Equalized Visibility

* ICE equalized visibility.
« Each bin has equal
coverage

M 0§ O O

i

Qb —
oW
o s W=
@ —
Qb —

i

0
ofo)
L0000 0

L
.|

L

Visibility

Interactions
e RSN

Raw heatmap lteratively corrected
TS SN

Visibility

- W

[eolelele]
S
L)

Imakaev et al (2012)

Bias Correction - ICE

Observed

2. Calculate coverage of i as s_i=sum_j(Wij)

4. New Wij = Wij / (delta Bi * delta Bj)

Issues:
* local signals can be removed

Ojj = B;B/T;j e

1. Start from Wij (=0ij) as the iterative process gradually changes this matrix to Tij
3. Additional biases delta Bi are calculated by renomralizitng s_i to have the unit mean as delta Bi=S_i/ mean(S_i)

5. Iterate step 2-4 until the variance of the additional biases becomes negligible

* interaction hubs such as transcriptional factory are not covered by ICE normalization
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Compartment A/B

Two Major Compositions of Chromatin Structure: Compartment A/B

Chromosome 5 (181Mb)

o) -Y
%
Z @ Va S
[0} S ':J _g
[0) £ " " Q
: S - 3
Q £ L o
£ S - 2
& - >
0 ®

¢ 03 _ )

2 ey High gene density > Compartment A

e 0 Low gene density > Compartment B

U — - — - —

a -03
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Compartment A/B patterns

1 A

2 B

S 3 A

B 4 B
E;'IZI'
50 Mb

« Higher interaction between fragment 1 and 3 and between fragment 2 and 4

+ Genome can be compartilized into two parts (compartment A and B)

Random collision (Distance Dependent Ligation Events)

FOLDED POLYMER

Equilibrium
globule

Cross-section view

Uniform - visualization

110
B 0
kel * —— Fractal 120
2 100 -~ -0993
= 0 —— Equilibrium 130
E - -1.508
5 107F 140
z
3 107 150
;::mle Cross-section view é
: g 6 160
°
8
g 170
o
108 180
10 100 1000
Distance (monomers) 190

120 140 160 180 Mb

Random collision events
* Interaction occurring just because chromatin is a biopolymer and folds
+ Random collisions can be estimated as expected interaction strength at a particular distance
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PCA (Principle Component Analysis) to Hi-C contact matrix

Find component axes that maximize variance
(use the first eigenvector v of the PCA/SVD) Apply PCA

A Observed B Observed/Expected (o] Pearson correlation

v is the vector that minimizes |[|svv'-A||, thus Aij will be near svivj
So, if vi and vj have the same sign their product will be positive (higher interaction bins i and j)

if vi and vj have the opposite sign their product will be negative (low interaction bins i and j)

Apply PCA to 3D chromatin structure to find a major structural component

Topologically Associating Domains
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Topologically Associating Domains (TADs)

INSIG1 1 EN2 § Hi#HH BBM33
CNPY1M SHHI

LOC285889s C7ori1

HilHi-H UBESC
DNAJB6 HHHA

3 NOM11p
LINC002441 HRNE32 MNXi1l
LOC6452491

LMBR1 -

W

x*%

TAD boundary

No boundary

Interactions downstream

Interactions upstream
Putative boundary

s N
<— A B—
Biased
downstream
Biased v q - I
upstream

Directional Index Scores

seiq Jo saibeq

Methods to Define TAD Boundaries

Slide insulation square along diagonal
- -

1.2 3 4 5 6 7 8 9 10 11,12
Aggregate each insulation square
4

mean: 4 3 2 2 3 4 4

=NWH O

Insulation Scores
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Methods to Define TAD Boundaries — Directional Index score

A: the number of reads that map from a given locus to the

B-A (A - E)2 (B - E)2 upstream 2Mb
Dl = IB- Al E + E B: the number of reads that map from the same locus to

the downstream 2Mb
E: the expected number of reads under the null
b hypothesis, is equal to (A + B)/2

Normalized

Interacting Counts

o

v
» 4
g 4 A Y
4 * £ -
T e &«*W ol an Bk 5. e SR m
chr12: 101000000 101 5%0000 102000000 102500000/ 103000000! 1035000001 104000000
O e Aeee § o

B 1 —
50 -
Directionality Index
-50 -
o (Lamm B1 DamlD) 0 -y e e T —— bl i B [ R | 1 |
DamID [ ' I
Ttc8Hh 1700064M15Rik!  Tdp1 @l Gm10432 68 |4 Catsperbl‘mm Atxn3 @l Rin3HHH Gm20604
2610021K21Rik #+~H  Caim1l RpsSkaSl“H‘H Smek1 M c2nltl Cpsf2#l Moap1 |
14930474N09Rik  Kenk13 b1 ic88c I Fbin5 #H S|C24a4}’>|'| Chgal Cox8cl
Foxn3 f=t-t= Psmci | Mm 190! Trip11 HEl mn B Ubr71l
BC002230 K Smek1 M oIgaSl Btbd7 B+
Gm104331 D130020L05Rik ! & 1
Ttc7b HiHHHH Kif4-ps'! A}I(ﬂ 9337' iJnc79 &3

Long-range chromatin interactions
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Isolation of Meaningful Interactions

data filtering

a om3M__20M 4oM 60M 295M el & = Hi-C contact frequency
gy ompare: Expected frequency
= ' -
Fragment-level 20 M+ / e Plck:ny
counting of . —h Schor
SrGreacs 40Ny O ——, ) I
after rigorous Normalize -
e .
1

60 M+

Hi-C tag count

NS/

Peak calling

0 8 216 s i i
Whole chromosome 17 Fine looping structure

* Apply negative binomial distribution
» Test whether its strength is unexpectedly high given the biases, distances, and additional signal

strength threshold

Random collision (Distance Dependent Ligation Events)

Expected
interactions

B Observed
interactions

oy
g Expected value 5
o =]
7 g
I = Y
© | c
g -% \ Meaningful
z ® interactions
9]
< -
£
T T T T T .
Distance

Genomic distance (bp)
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Isolation of Meaningful Interactions - HHCCUPS

Chr8

+ HIiCCUPS

+ Considering local background

(

O =# of contacts at peak

* Pixels in the middle should have signal 50%

Exp( )=83.3 higher than the surrounding

Exp([]) = 67.4
Exp(C]) = 78.9
Exp([]) = 88.4

| ‘[T Peak = 341

covNorm - Coverage based identification of long-range chromatin interactions

D. Removing biases based on coverage values of DNA frag-
ments

Let raw ligation frequency between two DNA fragments i
and j as Y;;, which is assumed to follow the negative binomial
distribution (Y;; ~ N B) with mean of ;1 and variance pto?
(v > 0, over-dispersion parameter). The expected frequency
of two DNA fragments based on the coverage C'; and C; was
obtained by fitting a generalized linear model:

log(uij) = bo + b1 (Cy) + ba(C}) M

The residual was defined as:

Rij = Yi;/ exp(by + 01 (Cy) + b2 (C4) (2)

A 3
which indicates a bias-removed ligation frequency. Totalinteraction frequency

was implemented by using R ‘MASS::glm.nb’ fun |

Expectedinteraction Normalized interaction
based on coverage

based on coverage

Raw interaction

abessnooz uswbel§

Fragment 1 coverage
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Distance normalization is critical to detect long-range chromatin interactions

E. Normalization against the genomic distance-dependent
background signal

Hi-C contact probabilities decrease along with the genomic
distance between DNA fragments due to the polymer na-
ture of chromatin, thus another normalization step against
genomic distance-dependent background signal is required to
precisely identify biologically meaningful chromatin contacts
such as enhancer-promoter interactions. To this end, given the
residual R;;, similar to the coverage normalization the model
log(us;) = by + b1 (Dy;) was used to estimate Ey which is the
expected ligation frequency at distance d, where the D;; is
the genomic distance between two DNA fragments. Distance-
dependent background signal was removed by computing

(Rij + avg(Riy)/(Ea + avg(Ri;).

B
100 25
[ ]
E g 20
T 75| e £
;Y : .
4 Density M 15 Density
E 4000 E
g 50 3000
€ . 2000 g
o 1000 8 10
g . : .
Q 2 & 5 .- - .
- . -
0 0
0 500 1000 1500 2000 0 500 1000 1500 2000
DA frag ment gﬁn¢m|c distance (kb} DMNA frag ment Qenom ic distance (kb}

A . B
O |
NS
I ! 1.00 [0 Pearson
0.554 B Spearman's p
o
0.50- %g 0.981
0.454 i=
E EE 0.961
&5 0.404 gg
]
2 0.354 B 0.94
Q &g
T 030] L _E
0.9
0.25 E
] ] ] ﬂgc
Raw ICE covMNorm Raw ICE covNorm
c
CHICAGO covNorm
GM12878 GM19240 GM12878 GM19240
8,097 49578 28,570
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Visualization of coverage / distance normalized chromatin contacts

500kb 20

Hi-C contact
frequency

=

o

coverage normalized

distance normalized

o__*—_.-—-.uﬂ-—-n-m
6] -log10(p-value)
| i — R ————
H-HHE. - ——— - - 1 EHH—— - G
GIMD1 DKK2 PAPSS1 LEF1T RPL34-AS1 MCUB ELOVL6

* Normalization step is required to remove experimental
and innate biases in Hi-C data

* PCA analysis uncovers compartmentalized chromatin
contact patterns

 Distance normalization is required to identify long-
range chromatin contacts
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Contents

=
. 3DIV 7

A W N

. covNorm = &2t Hi-c H|O|H &M A&

3DIV: http://3div.kr

. 3D-genome Interaction Viewer
and Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us

3D-Genome Interaction
Viewer & database

Easy-to-use database about 3D-genome

ABOUT 3DIV

Hi-C Capture Hi-C Cancer Hi-C

3DIV provides querying list of significant 3DIV provides promoter capture Hi-C 3DIV provides unique visualization and

interacting partner locus, visualization, (pcHi-C) results across 28 normal human manipulation tools that allows user to

and comparative analysis of 3D cell/tissue types, a great resource in generate rearranged 3D genome by

chromatin interaction across about 400 identifying target genes of disease- selecting listed SVs, creating own SVs,

samples. associated genetic variants. and providing order of rearranged
chromosomes.
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Hi-C data collection in 3DIV

Cancer Hi-C sample types (n = 220) Normal Hi-C sample types (n = 181)

Colorectal cancer (74) Stem cell and derived (31)

Endothelial and
epithelial cell (35)

Control (33)

Pancreatic cancer (1) Y

Liver cancer 1) cell line (29)
Prostate cancer (2)
Glioblastoma (2)
Rare cancer (2)
ibrosarcoma (2) Fibroblast
Cervical and derived (15)

cancer (33)

Neu %tr>rl]aas1iosna (3) capture
Kidney cancer (5) Hi-C (28) Primary tissue (15)

Breast cancer (16)

Leukemia (32) Immune and blood cell (28)

Table 1. Comparison of the updated 3DIV and other 3D genome databases as of October 2020

Interactive mani];i;,leation Structural
Number of Hi-C contact TAD One-to-all Interaction Distance Hi-C contact of genomic variation
Software samples® map annotation interaction table normalization ~ map browsing ~ rearrangement annotation
3DIV 2021 Update 401 v v v v v v ' v
3DIV 80 v v v v v v
4D Nucleome 337° v v
Nucleome Browser 138¢ v v
WashU Epigenome 369 v v
I?I];C\’/‘:,es\,ir 2 v v v v v
HUGIn2 83 v v v v v
3D Genome Browser 113 v v
GITAR 20¢ ' v
Hi-C Data Browser 69 ' v
Unique functionalities of 3DIV
Features of 3DIV
187 cancer/tumor tissue samples Pan—cancer SV data
with 33 control samples for corresponding cancer type
w ;)
. . . o
153 cell line/tissue Hi-C and 1 \| MySQL + Java Spring + HTML5
28 promoter capture Hi-C data \«t",’ based webserver implementation

i

\

230 billion reads processed Interactive visualization function
and normalized Hi-C contact maps on web page

[
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Normal Hi-C Analys

1S

3D-genome Interaction Viewer

and
database TUTORIAL ~ STATISTICS ~ CONTACT US

3D Interaction Viewer and Database (3DIV) is an easy-to-use database providing epigenetic annotation, one-to-all chromatin interaction
visualization in a variety of options, Spatial chromatin interaction has a significant role in gene regulation, and visualization and annotatio
interactions is key to connect between genetic/epigenetic variation and phenotypical polymorphism. For example, enhan: er interaction is
lon, interactive interaction

essential to regulate target gene expression. 3DIV provides following analysis; Interaction identification
visualization, and comparative interaction visualization
For more details, please click here.

-

<

[« ive interaction vi

Epigenomic annotation of significant interaction Interaction vi

N

I Choose Sample(s)

) Adrenal gland
Aorta
Bladder

I Bait : (Ex. CROCCP2, chr22:27141000, rs42)

=

I Items selected

O ] Sample ‘ Bait

I Interaction range  2Mb

Interaction Table
Interaction Visualization

Comparative Visualization
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Functionalities of normal Hi-C in 3DIV

e Interaction Table

* Histone ChlP-seq signal

* Bias-removed/distance-normalized Interaction frequency
* Disease-associated GWAS SNPs
» Promoter/Enhancer/super-enhancer annotation

e |nteraction Visualization

* Interaction frequency heatmap

* One-to-all interaction plot

» Topologically associating domains

* Arc-representation of significant interactions

ey Comparative Visualization

» Comparative interaction frequency heatmap
» Synchronized interaction visualization

Module 1 : Interaction Table

Hi-C experiment Gene annotation

Bias-removed  Distance-normalized

GWAS study

ChlP-seq experiment

- sl
el e

A T 1
AN A o p e (S
TA

D Interaction frequency  Promoter and gene body Disease associated SNPs Super-enhancer

Histone markers

simvue Locus :L.Vm: o) ufrr-:au;n:]y fn::;aug:'y Ge"i“:’“e GWAi 5"“P b sui’:fx;; F:::iKczr-’:rclge FZZK:(r:ée FTdK:hn:aige

o o AV AV AV AV

Mesenchymal Stem Cell | chri6:54965-54370 3.16 7.07 IRX5 26 415 239

Mesenchymal Stem Cel | ¢hr16:556505-55510 225 6.99 Enhancer 8.75 3.61 2271

8 Mesenchymal Stem Cell | ¢hr16:55500-55505 201 6.24 Enhancer 6.41 415 3.86
Mesenchymal Stem Cell | chr16:55540-55545 1.29 411 LPCAT2 1.54 5.61 .77

Mesenchymal Stem Cell | chr16:55510-55515 129 403 MMP2 207 561 235

N 6 Mesenchymal Stem Cell | chr16:556535-55540 1.02 322 Enhancer 6.1 598 214
é E 8) Mesenchymal Stem Cell | chr16:55355-55360 1.06 3.01 IRX6 247 3.04 11.24
g E E Mesenchymal Stem Cell | chr16:54320-54325 256 288 IRX3 387 6.16 18.62
g 5 S 4 Mesenchymal Stem Cell | chr16:55530-55535 0.86 273 Enhancer 6.63 5.39 28
é g g Mesenchymal Stem Cell | chr16:55515-56520 0.74 232 MMP2 134 3.73 175
o PE} Mesenchymal Stem Cell | chr16:55310-65315 0.83 23 Enhancer 3.36 3.59 214
2 G Mesenchymal Stem Cell | chr16:52115-62120 073 224 LINC00919 1.33 1.24 1.22
Mesenchymal Stem Cel | ¢hr16:55705-55710 0.62 216 SLCEA2 112 1.79 221

0 Mesenchymal Stem Cell | chr16:54375-54380 174 214 Enhancer 312 5.96 28
Mesenchymal Stem Cell | chr16:55600-55605 0862 205 CAPNS2 1.65 233 1.75

Mesenchymal Stem Cell | chr16:55315-55320 0.74 205 Enhancer 6.31 4.15 175

Mesenchymal Stem Cell | chr16:54480-54435 089 129 rs9921518 154 288 175
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Example : Interaction profile of rs1421085

rs1421085 : an obesity variant in FTO gene intron region.
It is well characterized by significant interactions with IRX3 and IRX5 promoters.

Body mass
associated locus

/ GIS ChIA-PET K562 RNAPII

GIS ChIA-PET MCF-7 RNAPII

e ) SLC6A2
& ... CAPNS2|
" ) ;-LPCAT2

"y ATea
C

., P o
IRX6 | MMP2 ES1P1

RPGRIP1L I CES1H
ey o, CESSATE
X ”i.’,’f/ .‘.}p e

SoealiStsangsst e -**"GIS ChIA-PET MCF-7 CTCF
"-... GIS ChIA-PET K562 CTCF

GIS ChIA-PET MCF-7 ERa

Rask-Andersen et al, Hum. Genet. (2015)

Step 1 : Open Interaction Table Module

3D-genome Interaction Viewer
and
database TUTORIAL  STATISTICS ~ CONTACT US

3p1y

3D Interaction Viewer and Database (3DIV) is an easy-to-use database providing epigenetic annotation. one-to-all chromatin interaction
visualization in a variety of options. Spatial chromatin interaction has a significant role in gene regulation. and visualization and annotation of these
interactions is key to connect between genetic/epigenetic variation and phenotypical palymorphism. For example. enhancer-promoter interaction is
essential to regulate target gene expression. 3DIV provides following analysis: Interaction identification and annotation, interactive interaction
visualization, and comparative interaction visualization

For more detalls, please click here.

—
Interaction Table Interaction visualization Comparative interaction visualization

H Choose Sample(s)

) Adrenal gland
[ Aorta
1) Bladder

I Bait : (Ex. CROCCP2, chr22:27141000, rs42)

| ttems selected

Ell Sample [ Bait

| interaction range

Example Run m
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Step 2 : Choose a sample

3D-genome Interaction Viewer

and
IDIY
= = database TUTORIAL ~ STATISTICS ~ CONTACTUS

3D Interaction Viewer and Database (3DIV) is an easy-to-use datzbase providing epigenetic annotation, ene-to-all chromatin interaction
visualization in a variety of options. Spatial chromatin interaction has a significant role in gene regulation, and visualization and annotation of these
interactions is key to connect between genetic/epigenetic variation and phenatypical polymorphism. For example, enhancer-promoter interaction is
essential to regulate target gene expression. 3DIV provides following analysis: Interaction identification and annotation, interactive interaction
visualization, and comparative interaction visualization

For more details, please click here.

Interaction Table Interaction visualization Comparative interaction visualization

| choose Sample(s)

) Adrenal gland
) Aorta
() Bladder

I Bait : (Ex. CROCCP2. chr22:27141000. rs42)

| items selected

Ell '

Click to load the list of Hi-C experiments

| Interaction range [2vib
Example Run m

Step 2 : Choose a sample

Comparative interaction visualization

Interaction Table I Interaction visualization

| Choose Samplels)

[ Psoas o
[0 Right Ventricle

[ Small Bowel

[ Spleen

[ Thymus

) H1 Embroynic Stem Cell

L Hi-derived Mesendoderm Cell Scroll to browse samples

¥ H1-derived Mesenchymal Stem Cell

OH rived Trophectoderm Cell -

Click to choose sample More Experiment ¥

I Bait : (Ex. CROCCP2, chr22:27141000. rs42)

| ttems selected

(] | Sample | Bait

I Interaction range

Example Run m
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Step 3 : Choose a bait

Interaction Table I Interaction visualization Comparative interaction visualization

I Choose Sample(s)

[ Psoas -
[ Right Ventricle

[ Small Bowel

) Spleen

@ Thymus

1 H1 Embroynic Stem Cell

() H1-derived Masendoderm Cell

¥ H1-derived Mesenchymal Stem Cell

(1 H1-derived Meuronal Progenitor Cell

) H1-derived Trophectoderm Cell -
"I' Insert ID of Gene/SNP i dinat b
nse O ene Oor genomic coordinate m
| Bait[[si2108s_ JEx CROCCP2, chr22:27141000, rs42)

Add sample{s) Remove sample{s) ™

Sample | Bait

| Interaction range

v S

Step 3 : Choose a bait

Interaction Table Interaction visualization Comparative interaction visualization

I Choose Sample(s)

[ Psoas -
[ Right Ventricle

) Small Bowvel

[ Spleen

@ Thymus

[ H1 Embroynic Stem Cell

[ H1-derived Mesendoderm Cell

@ H1-derived Mesenchymal Stem Cell

[ H1-derived Neuronal Progenitor Cell

H1-derived Trophect -
- erived Tropheciq Find genomic location from Gene Symbol or SNP id x J
3

Gene symbols
I Bait : [rs1421085 | rs1421085 chr16 : 53,800,953 ~ 53,800,954

C Gioss

| items selected

=] armnla | Bait

Click to confirm the coordinate of variant.

I Interaction range | znap v
Example Run m
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Step 4 : Run Module

Epigenomic annotation of significant interaction Interaction visualization Comparative interaction visualization

| choose sample(s)

[ Spleen o
O Thymus

[ H1 Embroynic Stem Cell

[ H1-derived Mesendoderm Cell

[ H1-derived Mesenchymal Stem Cell
[ H1-derived Neuronal Progenitor Cell
[ H1-derived Trophectoderm Cell

[ H9 Embryonic Stem Cell

[ H9-derived Neuro-Ectodermal Cell
[ GM12878 Lymphoblastoid Cell Line

4 3

I Bait : rs1421085 (Ex. CROCCP2, chr22:27141000, rs42)

Add sample(s) Remove sample(s) ™

| items selected

(] Sample Bait
(] H1-derived Mesenchymal Stem Cell chr16:53800954

| interaction range

Example Run Run

Step 5: Browse the table

Filter 1) Bias-removed interaction frequency
2) Distance-normalized interaction frequency
Distance hormalized interaction : W ] . . >, |000 829 3) Annotation of Enhancer or superenhancer
4) Annotation of disease associated SNPs
5) Annotation of Promoter
6) Histone ChlIP-seq signal
Show |10 v |entries
Distance
Sample A Bin Distance Here 2 rmalized contact Enhancer Sas Gene Name h3k27ac h2afz hEH L% 1BKme {BKdoe h3k9ac
contact intensity 2 S SNPID me3 e3 1 3
intensity
H1-derived
ncl 362 None 9941349 L 218 0.00 0.00 1.30 144 122 0.00
20000 403 036 None e 223 0.00 0.00 122 164 1.75 0.00
30000 393 037 None 59930506 ¢ 154 0.00 0.00 pAL 233 1.75 0.00
H1-derived
Mesenchymal Stem 089 129 None 9921518 ¢ 154 0.00 0.00 147 288 175 0.00
Cell
H1-derived
Mesenchymal Stem 35000 375 036 None 26439620 = 1.22 0.00 0.00 175 136 133 0.00
Cell
H1-derived
Stem 1205000 00 0.02 Enhancer 4784227 ¥ 387 0.00 0.00 175 488 33 0.00
Cell
215000 0.02 0.05 None 53803662 TOX3 143 0.00 0.00 140 262 1.75 0.00
65000 024 053 one 3112612 65 0.00 0.00 6 60 227 0.00
1445000 0.09 025 29184 3; 0.00 0.00 S 7 0.00
45000 559 057 None 5% - 43 0.00 0.00 334 179 175 0.00
Showing 1 to 10 of 784 entries First Previous 1 2 3 4 5 79 Next Last




Step 5a : Adjust the table

Epigenomics
Filter
Distance normalized interaction : 7 | [oo0 ] - [829
o 2 1 s s
Bias-removed pistance GWAS H3Kz7 h3k36m H3Kame H3Kame
Bin Distance i normalized contact Enhancer Gene Name h3k2Tac hzafz h3k9ac
contact intensity SNP D me3 a 1 3
intensity
chr16:53825000
2 n - 2 2
o 000 252 033 None 8 000 000 130 144 122 000
chr16:53820000
2 ' 6 n 59929509 - 223 2 5
o 0000 402 036 None 0.00 0.00 122 164 17 000
oo | chr1§:32820000 30000 33 037 None 59930506 - 000 000 2n 233 175 000
Adjust the number of entries
per page.
630000 083 125 None 9921518 - 154 000 000 147 288 175 000
Hi-d
chrIE53765000
chymal st s s s on rs6as9aa - 12 s 5
e I Stem el 35000 37 036 None 2 000 000 17 136 133 000
chr1652595000
ranc 4784277 - 7 s 88
o 0ot 002 Enhancer 54784227 EES 000 000 17 488 133 000
(M;'Z‘égjgm 1215000 002 005 Nane 153803862 ToX3 143 0.00 0.00 1.40 282 175 000
chrisse3s000 | B . e . - .
S 165000 024 053 None 3112612 65 000 000 161 160 227 000
chrEssaeso0 . . ; 1729184 B . . .
oo 445000 003 025 None 5 33 000 000 158 142 175 000
chriE53845000 ) _ B ) ) ~ )
oo 45000 555 057 None 000 000 33 17 175 000
Showing 1 to 10 of 784 entries First Previous 2 3 4 5 79 Next Last

Epigenomics
Filter
Distance normalized interaction ! I o | - o820
o 2 1 L] 8
Filter Run
Distance
sample 4 8in Distance Basremoved normalized contact Enhancer A Gene Name h3k27ac h2afz Haker hakasm Hakame HaKsme h3ksac
contact intensity SNP 1D me3 e3 1 3
intensity
o chr16:53825000
1r16:5382!
Viesenc 25 Non 1 30 E 21 5
Mese esm0000 000 0.33 None 59941349 8 000 0.00 130 144 122 0.00
oy 0000
2 5 59939609 - 223 2 5
S 0000 036 000 0.00 122 164 17 0.00
H 59930506 000 0.00 21 2.33 175 0.00
Click the header to sort the table
chr16:54490000
Viesenc 69 89 29 n <9921518 7 2.88 5
Mase saso0n 630000 0 1 None 000 0.00 14 3 17 0.00
HI-
chri6:53765000
Mesend! 5 5 5 n <£499640 - 12 5 5
Miase o000 35000 37! 036 None 2 000 0.00 17 136 133 0.00
chr16:52595000
hanc 4784227 - 7 5 88
S, 0.01 0.02 Enhancer 4784227 38 000 0.00 17 488 133 0.00
HI-
Mesend 0.0z 005 Nne 3803662 TOX3 143 0.00 000 140 2.62 175 0.00
HI-
Mesend S 165000 0.24 0.53 Nane 53112612 - 5 0.00 0.00 161 160 2.27 0.00
243000 =294
0.08 0.5 Non - 132 000 0.00 152 142 175 0.00
55250000 e 5 ¢
chr6:53845000 R . ~ N . -
easmo000 45000 558 0.57 None 000 0.00 334 179 175 0.00
Showing 1 to 10 of 784 entries First Previous 2 3 4 5 79 Mext




Step 5c¢ : Filter interaction

Epigenomics.

—
Filter
Distance normalized interaction| O T 0 - s2e
. s s
Drag to filter interaction by their strength in this case,
2.0 is the criteria.
Distance
sample & Bin Distance P ed contact Enhancer Gas, Gene Name hakz7ac h2afz Hakr haaem HaKame HaKame hakoac
‘contact inf nsity SNPID me3 e3 1 3
«hr1 6:53825000
25 e - 21 2
3830000 000 362 033 None 8 0.00 0.00 130 144 122 0.00
1653820000 Click to apply the filter
201 59939609 - 223 0.00 0.00 122 164 1.75 0.00
53825000
«chr16:53830000 - ~ N = 5 P =
3835000 30000 393 037 None 59930506 54 0.00 0.00 211 233 175 0.00
«hr1 6:54430000
& 89 29 n 9921518 - 154 7 2 s
2295000 690000 0. 1 None 54 0.00 0.00 1.47 8 1.7 0.00
«<hr1 6:53765000
5| 5 13 N 40 - 12 5 6
53770000 35000 375 03¢ None 56499640 2 0.00 0.00 1.7 1.3 133 0.00
«<hr16:52595000 e S 1734997 - 7 5 88
2600000 205000 0.01 0.0z Enhancer 4784227 387 0.00 0.00 1.75 488 1.33 0.00
«chrl 6:52585000 - - - - s 2 5
52550000 215000 002 005 None 53803667 TOX3 a3 0.00 0.00 1.40 262 175 0.00
ey chrl 652635000
Vv’\é;e':;/:" 52640000 165000 024 053 None $3112612 - 65 0.00 0.00 161 160 0.00
<hr16:35245000 e . . - 51729184 R . - -
ooy 2000 008 0z Nore x = oo 00 158 142 175 000
chr16:53845000 . " ~ N R . . -
3850000 45000 5.59 057 None a3 0.00 0.00 334 179 175 0.00
Showing 1 to 10 of 784 entries First Previous 2 3 4 5 - 79 Next Last

Step 5 : Browse the table

Epigenomics
Filter
Distance normalized interaction : T 02 - 32
0 2 4 s s
Filter Run
Distance
Bias-removed Gwas WKz haas: HaKar HIKa
Sample Bin Distance asemoved 1 nomalized contact Enhancer Gene Name h3kaTac haafz " me me h3kgac
contact intensity SNP D mes & 1 3
intensity
H1 Mesenchymal s .
R 1160000 372 829 None - 578 000 0.00 158 270 3.9 000
H1 Mesenchymal Stem | chri6:
245000 262 27 n 0.00 441 208 000
e e ' Promoter of CRNDE
H1 Mesenchymal Stem | chr16:54355000 . , N B
o s 1155000 ase 736 Non 0.00 151 164 122 000
hymal Stem | chr16:54465000
s 27 25 - - 2 3 s
i s 565000 3 s 5 000 0.00 is 150 17 000
H1 Mesenchymal Stem | chri6:54460000 . . . E R .
i s 560000 313 55 000 0.00 193 270 175 000
H1 Mesenchymal Stem | chr16:54365000
E , o7 . 2 E
i i 1185000 3¢ o 50 000 0.00 252 4 250 000
H1 Mesenchymal Stem | chr16:54315000 . . L.
@ 15000 308 s w  Promoter of IRX5 0c0 2 | am | mwm | o
Mesenchym:
W et s : : a | om | om | m | w | w | o
Mesenchym: chrigse
HT Mesenchmal Stem | chr1 654140000 240000 288 212 - - £ 000 0.00 193 150 25 000
cl 000
Mesenchym: chrise
HT Mesenchmal Stem | chr1 654310000 510000 282 312 - - 75 000 0.00 202 208 227 000
cl 54315000
H1 Mesenchymal Stem | chr16:54300000
27 - - 2 7
i i 500000 278 302 £ 000 0.00 5 1 000
HT Mesenchmal Stem | chr1 54240000 440000 269 259 - - 55 000 0.00 175 179 227 000
cel 54245000
H1 Mesenchymal Stem | chr16:54470000
267 B - - s 5 s
i e 570000 26 378 4 000 0.00 151 17 17 000
H1 Mesenchymal Stem | chr16:54230000
. 2 25 - - s 2
i i 430000 265 250 4 000 0.00 1 150 233 000
H1 Mesenchymal Stem | chr16:54320000
2 25 2 - 7 228 s 2
i i 520000 5 a8 38 000 0.00 51 1256 000
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Module 2 : Interaction Visualization

20
A 3
=3
oo @
o m
23
gs¢
=
£g2
=8
58k
L
0
179,425,000 179,825,000 180,225,000 180,625,000 181,025000 181,425000 181,825000 182,225000 182,625000 183,025000 183,425,000
| 1 | | | | | | | |
B
Bait bar 2 — 10.0
8200 | 0 F o
o @ R
o 32 a3
> g Q
opQ 60 O $
£« . . =5
25 160 Distance-normalized )
ag ' interaction frequency |40 8 3
oS cut-off value : 2.0 85
2 20 3@
£ La
00 1 00
C
H1-ESC super-enhancer
<o H bl H ol 4
PEX5L CCDC39 SOX2 FLJ46066 LAMP3 KHLL6
FXR1 ATP11B MCF2L2
() H H
LINC01206 DCUN1D1 KLHL24

Example : Interaction profile of SOX2

In cancer cells, the genomic structures are degraded into smaller sub-structures.
In this session, we will reproduce this result with 3DIV.

CHROMOSOME 1
(ENIINNANT NN

/ Mb ey h g 19
,’ 55,000,000§ 58,000,000) 61,000,000) 64,000,000§ 67,000,000§ 70,000,000
/
CHROMOSOME 1 4 Normalized Prec
n ,’ interacting Normal
5 Mb pmmg g 19 (I counts >
Prec papecy
Normal [] min max b g
] ~ R
] s -
] by, ‘& 7
] § 4 &
D E——
- CTCF i Lot b
PC3
Cancer ,
N ’
ot o' e
\ . M e, S Ko 0
\ Domains o -
\ crer LUl AR RITTY R TR T ] H
\
\ LNCaP
\ Cancer
\
\
\
“ 4 ’ O
\ Domains s : =
\ creF iy A s w/TTRL TR WL N 1T
\ RefSeq Genes s wsm row——— o . - -
\ CYBS5RL DEPDC1-AS1

Taberlay et al, Genome Res. (2016)
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Step 1: Open Interaction Visualization Module

3D-genome Interaction Viewer

spy and
—— database TUTORIAL  STATISTICS CONTACT US

3D Interaction Viewer and Database (3DIV) is an easy-to-use database providing epigenetic annotation. one-to-all chromatin interaction
visualization in a variety of options. Spatial chromatin interaction has a significant role in gene regulation, and visualization and annotation of these
interactions is key to connect between genetic/epigenetic vanation and phenctypical polymorehism. For example, enhancer-premoter interaction is
ential to regulate target gene expression. 3DIV provides following analysis: Interaction identification and annotation, interactive interaction
visualization. and comparative interaction visualization

For more details, please click here.

Interaction Table Interaction visualization Comparative interaction visualization

| choose Sample(s)

O Bladder
More Experiment ¥
I Bait (Ex. CROCCPZ, chr22:27141000, rs42)
| 74D [TopDom fw=20) v
o |
| ttems selected
El| Sample [ Bait [ TAD

| interaction range

Step 2 : Choose a sample

3D-genome Interaction Viewer

DIV and
EE—— database TUTORIAL  STATISTICS CONTACT US

3D Interaction Viewer and Database (3DIV) is an easy-to-use database providing epigenetic annotation, one-to-all chromatin interaction
visualization in a variety of options. Spatial chromatin interaction has a significant role in gene regulation. and visualization and annotation of these
interactions is key to connect between genetic/epigenetic variation and phenotypical polymorphism. For example, enhancer-promoter interaction is
essential to regulate target gene expression. 3DIV provides following analysis: Interaction identification and annotation, interactive interaction
wvisuzlization, and comparative interaction wisualization

For more details, please click here

Interaction Table Interaction visualization Comparative interaction visualization

] choose 5ample(s)

() Adrenal glznd

O Aorta
[ Bladder
More Experiment ¥
I Bait : (Ex. CROCCP2, chr22:2714T000, rsd2)
| TAD :[TopDom (w=20] v

| ttems selected
e

| Interaction range

Click to load the list of Hi-C experiments

Example Run m
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Step 2 : Choose a sample

Comparative interaction visualization

Interaction Table ‘ Interaction visualization

| choose Sample(s)

u cngma cell line(A549) dexameathasone 12h -
# LNCap prostate cancer cell line, Bglll

P rostate cancer cell line, Bglll
oP al Prostate epithelial cell, Bolll

I DT Y L T

-
, Click to choose sample
0G . Insitu HiC, Dpnll

[ GM 12878, in situ HiC, Neol

[ GM12878, in-situ Mbol

] HMEC, in-situ Mbol

Scroll to browse samples

I Bait : (Ex. CROCCP2, chr22:27141000, rs42)

I TAD : | TopDom (w=20) |

Add sample(s) Remove sample(s) ™

I Itemns selected

El sample | Bait | TAD
I Interaction range[2Mb v |

Example Run m

Step 3 : Choose a bait & TAD calling option

Interaction Table Interaction visualization Comparative interaction visualization

| Choose sample(s)

O Adenocarcinoma cell line(A549), dexamethasone 12h
# LNCap prostate cancer cell line, Bglll

[0 PC3 prostate cancer cell line, Bolll

[ PrEC normal Prostate epithelial cell, Bolll

[ GM12878 dilution HIiC, Hindlll

[ GM12878 dilution HIiC, Ncol

[ GM12878, in situ HIC, Donll

[ GM12878, in situ HIC, Ncol

[ GM12878, in-situ Mbol

O HMEC, in-situ Mbol =

i I Y Insert ID of Gene/SNP or genomic coordinate m

| Bait (Ex. CROCCP2, chr22:27141000, rs42)

TAD § TopDom (w=20) v

DI (window size = 2Mb)

Ad TopDom (w=5)
DI (window size = 50

I Items selected

gy 1 Click button to adjust TAD calling option
In this demo, DI-based caller with 2MB window is used

El sample | Bait | TAD
I Interaction range[2Mb v |

Example Run m
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Step 3 : Choose a Bait & TAD calling option

Interaction Table Interaction visualization Comparative interaction visualization

| choose sample(s)

[ Adenocarcinoma cell line(A549), dexamethasone 12h
¢ LNCap prostate cancer cell line, Bolll

O PC3 prostate cancer cell line, Bglll

O PrEC normal Prostate epithelial cell, Bglll

[J GM12878 dilution HIC, Hindlll

[ GM12878 dilution HIiC, Ncol

O GM12878, in situ HiC, Dpnll

O GM12878, in situ HiC, Ncol

[ GM12878, in-situ Mbol

[ HMEC, in-situ Mbol -

I Bait : | chr1:60000000 (Ex. CROCCPZ, chr22:27141000, rs42)

| TAD :[DI (window size = 2Mb) v |

Remove sample(s) ™

§<te Click button to add sample
sample | Bait | TAD

Add sample(s)

| interaction range (26 v

Example Run m

Step 4 : Run Module

Interaction Table ‘ Interaction visualization Comparative interaction visualization

I Choose Sample(s)

[0 Adenccarcnoma cell ine(A349), dexamethasone 12h
[ LNCap prostate cancer cell ling, Bglll

[ PC3 prostate cancer cell line, Bglll

) PrEC normal Prostate epithelial cell, Bglll

[0 GM12878 dilution HIC, Hindlll

[0 GM12878 dilution HIC, Ncol

0 GM12878, in situ HiC, Donll

[ GM12878, in situ HiC, Neol

[ GM12878, in-situ Mbol

[ HMEC, in-situ Mbol -

| Bait : | chr1:60000000 (Ex. CROCCPZ, chr22:27141000, rs42)

| TAD :[DI (window size = 2Mb) ¥ |

Add sample(s) Remove sample(s) ™

| items selected

= Sample Bait TAD
(=] LNCap prostate cancer cell line, Balll chr1:60000000 DI (window size = 2Mb)
I Interaction range

=m0

Nad
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Step 5: Adjust the interaction visualization

:
LNCap prostate cancer cell line, Bolll
Cel b
w—
tmap resolution 20,000 v |bp |Refresh

save as Images.
Interaction frequency heatmap with

“

topologically associating domains(TAD)

annotation.

ﬂ : One-to-all interaction plot
A A ¥ u.l hlm.ﬂl&l i i
T Arc-representation of significant interactions
o RefSeq Gene annotations

Description of selected interaction

Locus.

Step 5a : Adjust the heatmap resolution

Zoom out 1.5X JLJ
v

LNCap prostate cancer cell line, Bglll
Zoomin |_18 ) _3x ]

Heatmap resolutio

Click to apply the
adjustment

Adjust the resolution of
heatmap.

-590-




Step 5a : Adjust the heatmap resolution

LNCap prostate cancer cell line, Bglll
Zoom in 1.5X% | X | Zoom out 1.5X% | 3 |

Heatmap resolution | 40,000 v|bp | Refresh
| B

0 10 20 30

-+ chri:58,000,000-62,000,000 ) »-

Step 5b : Adjust the heatmap color range

LNCap prostate cancer cell line, Bglll

Zoom in 1.5X | 3X | Zoom out 1.5X | 3X |

o resolution [40,000 v | b Aekgefresh |
\

Click to apply the
adjustment

Drag the scroll bar to adjust the
color range
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Step 5b : Adjust the heatmap color range

LNCap prostate cancer cell line, Bglll

Zoom in 1.5X | 3X | Zoom out 15X | 3X |

Heatmap resolution | 40,000 v |bp | Refresh
] - —

0 10 20 30

LNCap prostate cancer cell line, Boll

PRl N : PR Al Y T
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Adjust the fold-change criteria

58,00 60 83|C ooo 6 .23|C 000 6 6:|J oo 62,000,000

—a0

—30
0.0—

Distance normalized Interaction frequency = 2.00 L

—1.0

00— l A A 0.0

(Bias-rernoved Interaction frequency) (Distance normalized Interaction frequency)
\ \
\ Drag the scroll bar to adjust fold-
- change criteria for arc-
representation

Adjust the fold-change criteria

\ | 1 1 L | | | |

£0,000,000) 0

Distance normalized Interaction frequency - 3.00 .
00—

—2.0

—1.0
og—L A A oo L

(Bias-removed Interaction freguency} (Distance normalized Interaction frequency)

After adjustment, some arcs are
not visualized any more.
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Description of identified interactions

58.000.000 58.400.000 58.800.000 59.200.000 60.800.000 61.200.000 61.600.000 62.000.000

=
1=

Distance normalized Interaction frequency = 2.00

(Bias-removed Interaction freguency)

Click the arc to check brief explanation of corresponding

interaction
There are no super-enhancers in this area.
| CMATHY JUNE HSD3ZRFGGEY LOC101926964 << NFIA ==
DABT-AST TACSTDZk LINCO1338pH FGEYP—s———aa NFIA-AS2H
DAaBT-ASH MYSMI1H FGGYP—a—a—————- Clorfs7d FlA-A
LINCOT 135k FGGY
MIR4T11K
LOC101826944H
HOQKI B4
CYPZIZH
No. Chromosome Start End Gene Name Locus

If you want to see the results, click on the arc.

Description of identified interactions

58,000,000 58 —CIG,GCC 58 ESIC 000 EGBch‘CDJ &1 ,ESIC_CGS 61 ,éS|3 000 62.000,000
40
30
0.0—
Distance normalized Interaction frequency - 2.00 - .

(Bias-removed Interaction frequency} (Distance normalized Interaction frequency)

Super-enhancer There are no super-enhancers in this area
Refseo-Gene ] OMATR]  JUNE HSDS2RFGEY b33 LOCI019269644<ef  NFIS————33s]
DABT-ASTY TACSTDZk LINCO1338pH FGGY P33 MNFIA-ASZH
DAB1-A51 MYSIIT FEaY s Clorf87d SZR
LINCO1135k= GEY = 1
MIR4711k
LOC10192683444
HOOK po
CYP2IZH
No. Chromosome Start End Gene Name Locus
1 chrl 59400000 59405000
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Browse interaction frequency w/o change the bait

+ [ chr1:58,

58,000,000 58400000 583300000 59,200,000 59,600,000 60,000,000 60,400,000 60,800,000 61,200,000 61,600,000 62,000,000
| 1 1 1 1 1 | 1 1

50,000,000 )

Fold change : 2.00

Click on white space of the graph and drag horizontally
towards the desired direction to shift visualization range
without changing the queried loci

[Normalized court) {Fold change)

Adjust bait without resubmission

+ ( chri:58,000,000-62,000,000 ) *

o
58,000,000 58,400,000 58,800,000 59,200,000 59,600,000 60,000,000 60,400,000 60,800,000 61,200,000 61,600,000 62,000,000
| | | | | | | | |

000,000 ) o

=]
=]

Fold change : 2.00
=1

To select other loci as the query, click the red bait indicator
and drag to the loci of interest.

]

"

i

0.0— oo &=
(Normalized count) (Fold change)
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Module 3 : Comparative Visualization

H1 embryonic
stem cell o
E
+5 5@
A RES
233
522
383
8>F
: cg¢
[ €
‘ 885
2 22
y: 5 4
3 - A Pe Hi-derived
3 ,2'} % RO .3, x Y mesenchymal
R (3] R SRR Al PR R ; ., stemeel
L R R T e s o S A i MR RN i OO AN i
SH,U‘W.OUO 58,400,000 58,800,000 59.2(“}0.!1]0 59,600,000 60,000,000 60,400,000 GU.BD‘O,DOU 51,20?,000 61,600,000 62,000,000
1 1 1 1
H1 Embryonic Stem Cell
B !
Bait bar B
3 29
- & 200 w0 S8
33 83
EE 30 g‘$
g distance-normalized =) 3
8g 100 interaction frequency cut-off value : 1.5 |20 8 3
@§ 10 3§
E 28
00— |00
I 1
H1-ESC super-enhancer 1
H1-ESC super-enhancer 2
H1-derived Mesenchymal Stem Cell
} 5.0
29
§ 200 4.0 3 z
33 23
H E 30 g8
£ distance-normalized =8
E § 100 interaction frequency cut-off value : 1.5 20 g 2
€D
2 8 3 ; —10 S §
ko) P 2a
E L00

Example : Interaction change during differentiation

During the differentiation, the interaction profile is dramatically changed.
In this session, we will compare the interaction profile of ESC and MSC.
ESC : Embryonic Stem Cell, MSC : Mesenchymal Stem Cell

i |

¥y

fibroblast

Differentiation potenti=!

precartilage
condensation

p |

chondrocytes

>
time

Gadjanski et al, Stem Cell Rev. Rep. (2012)

-65-



Step 1 : Open Comparative visualization Module

3D-genome Interaction Viewer
3piy 2nd

= = (latabase TUTORIAL  STATISTICS ~ CONTACT US

3D Interaction Viewer and Database (3DIV) is an easy-to-use database providing epigenetic annctation, one-to-zll chromatin interaction
visuzlization in a variety of options. Spatial chromatin interaction has a significant role in gene regulation, and visualization and annotation of these
interactions is key to connect between genetic/epigenetic variation and phenotypical palymorphism. For example, enhancer-promoter interaction is
essential to regulate target gene expression. 3DV provides following analysis: Interaction identification and annotation, interactive interaction
visualization, and comparative interaction visualization

For more details, please click here

Interaction Table | Interaction visualization I Comparative interaction visualization I

I Choose Sample(s)

[ Adrenal gland
O Aorta
[ Bladder

I Bait : (Ex. CROCCP2, chr22:27141000, rs42)

Add sample(s) Remove sample(s) ™

| ttems selected

El sample [ Bait

| nteraction range

Example Run m

Step 2 : Choose a sample

3D-genome Interaction Viewer
3piy 2nd

- = database TUTORIAL ~ STATISTICS ~ CONTACT US

3D Interaction Viewer and Database {3D|V) is an easy-to-use database providing epigenetic annotation, one-to-all chromatin interaction
visualization in a variety of options. Spatial chromatin interaction has a significant role in gene regulation, and visualization and annotation of these
interactions is key to connect between genetic/epigenetic variation 2nd phenotypical polymorphism. For example, enhancer-promoter interaction is
essential 1o regulate target gene expression. 3DIV provides following analysis: Interaction identification and annotation, interactive interaction
visualization, and comparative interaction visualization

For more details, please click here

Interaction Table Interaction visualization Comparative interaction visualization

] choose Sample(s)

[ Adrenal gland

[ Aorta
() Bladder
More Experiment ¥
I Bait : (Ex. CROCCP2, chr22:27141000, rs42)

Add sample(s) Remove sample(s) ™

| ttems selected

Click to load the list of Hi-C experiments I

I Interaction range | 2Mb v
Example Run m
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Step 2 : Choose a sample

Interaction Table Interaction visualization

Comparative interaction visualization

| Choose sample(s)

T RIGNT VENTICE
O Small Bowel

[ Spleen
[ Thymus
I @ H1 Embroynic Stem Cell
|| Hi-derived Mesendoderm Cell
I w H1-derived Mesenchymal Stem Cell I
T HT-0erves NeuMgemtor Cell
rived Trophectoderm Cell
nir Stem Cell
Click to choose sample =

I Bait : (Ex. CROCCP2, chr22:27141000, rs42)

Add sample(s) Remove sample(s) ™

I Itemns selected

Scroll to browse samples

El Sample \ Bait

I Interaction range | 2Mb v

Example Run m

Step 3 : Choose a Bait

Interaction Table Interaction visualization

Comparative interaction visualization

| Choose sample(s)

T RIGIT VEMTTCE
] Small Bowel

[ Spleen

[ Thymus

¥ H1 Embroynic Stem Cell

[J H1-derived Mesendoderm Cell

[#] H1-derived Mesenchymal Stem Cell
[ H1-derived Neuronal Progenitor Cell
] H1-derived Trophectoderm Cell

] HS9 Embryonic Stem Cell

1 LO-Anriund M irn-Crtndaemnal ©all h
e n . ) ’
Insert ID of Gene/SNP or genomic coordinate m
I Bait {|chri-:60000000 (Ex. CROCCP2, chr22:27141000, rs42)

Add sample(s)

Remove sample(s) ™

ec Click button to add sample

Sample | Bait

| Interaction range

Example Run m
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Step 4 : Run Module

Interaction Table

Interaction visualization ‘ Comparative interaction visualization

Choose Sample(s)
I RIQNT VEMTITCE "
O Small Bowel

[ Spleen

O Thymus

@ H1 Embroynic Stem Cell

[0 H1-derived Mesendoderm Cell

[ H1-derived Mesenchymal Stem Cell

[ H1-derived Neuronal Progenitor Cell

[ H1-derived Trophectoderm Cell

O H9 Embryonic Stem Cell

U AAarmind KasieaCtmdavmn -l 7all
4 »
I Bait : | chr1:60000000 (Ex. CROCCP2, chr22:27141000, rs42)
Add sample(s) Remove sample(s) ™
I ltems selected
(] Sample Bait
[m] H1 Embroynic Stem Cell chr1:60000000
[m] H1-derived Mesenchymal Stem Cell chr1:60000000
I Interaction range

Example Run Run

Step 5: Adjust comparative heatmap

1 Embronic stem Cel H1-derived Mesenchyma Stem Cel

== T
. T
= =
— —

Comparative heatmap of interaction frequency between 1st and
2nd samples.

b
RS

Arc-representation of significant interactions in 15t sample

N\ Arc-representation of significant interactions in 2" sample

RefSeq Genes and super enhancer annotations

1100 want 1 e the resuls cickon the ac

E T I Description of selected interaction
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Step 5a : Synchronized criteria change

58000000 58400000 58800000 53200000 53,600,000 60,000,000 60400000 60,800,000 61200000 61,600,000 62,000,000
| | | | | | | | |

—6&.0

—so
| —ag
30
Fold change : 2.00
: s, - Tt
Lol A e s A
R P S e e .

(Fold change)

{Normalized count)

_co0
30.0—
5o
20.0—| —a0
L 20
Fold change 2 00
10.0—{
10
AL EImNAY - 0.0

{Mormalized count) (Fold change)

Heatma
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Step 5 : Adjust comparative heatmap

5 Embromic st Col g Mesencmar siem cel W Embromc stem ol i S Wesncnal S Cot
== e =] (=== [ e O el
Zoomin |_15X_J_ ] Zoomout _15X ) _3X | Zoomin |_18X_)_3 ) Zoomout _18X J_X |
tmap resoluton 20000+ bo [ Refesh]| Heatmap resoluton 29066+ 1bo [Reftesh

- | — -— | —

Cancer Hi-C Analysis
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& M2 T 2 = Ol =

oI Ml 3K 0] Of [ 3H HBIE 7h 27

Genomic Deletion

N Promoter
Hi-C pattern ™ . Enha NCEL--—-=

AB CD < 5

Breakpoint

Normal TAD /N N\ | Deletio

AB | CD

Enhancer . Promoter
SV-driven TAD A
AD

Interactively visualize and simulate the impact of

structural variations to cancer 3D genome

Problem statement

1. Frequent genomic rearrangements in cancer alters 3D genome
2. Abberant gene expression based on rewired regulatory elements
3. Requires appropriate visualization tools and processed data

Resolving issue

1. Collection of large cancer/normal Hi-C and pcHi-C data
2. Visualization of cancer 3D genome

3. Hi-C contact map manipulation to examine impact of SVs
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Samnle Chrom1 Breakpoint1 Chrom?2 Breakpoint2 SVtype | Orientation M od u Ie I °
14-442T |  chr6 chr6 ::z ztz: PrE'CaIIEd SV and 3D genome

14-442T chré chré
14-442T chré 75343990 chré 125216780 DEL 3to5
Showing 1 to 3 of 3 entries @ Previous Next
Click SV to visualize
v
& D SNUCRC_14-442T 500kb
(Sample) - Color scale
—)
0 1867

10Mb

SNUCRC_14-442T & .T:OOka
olor scale
] ]
0 295
5Mb

chr6:60Mb-150Mb-

65Mb 70Mb 130Mb 135Mb 140Mb 145Mb
|« Chr6:60000000-7534399Q, chr6:125216780-1500000 Q0.

(16Mb) (25Mb)
I I T '
WD ) | S | S | | |
W | SS—— ] .

Module Il.
SRS Interactive 3D genome manipulation

10Mb

Select SV type

Click chr6:60Mb-150Mb : : {ljDrag
v
500kb
SNUCRC_14-442T Color scale
] ]
0 1867
5Mb

Hi-C contact map
after deletion

chr6:60Mb-76Mb H chr6:125Mb-150Mb
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Module Il.
Interactive 3D genome manipulation

$DEL NV {3TRA  £¥TanDUP £¥InvDUP

o é

Apply other SV type sequentially SNUCRC 14-442T 500kb
- Color scale
Q)
Sample 1 1
0 1867
5Mb

- Hi-Ccontact map
- afterinversion

Chromosome
chr6:132Mb-145Mb &

Chromothripsis g
g e — — e e—
El 910 S I_ e B
Single catastrophic event 1 S 2
. TS T 800
P m. u — Deletion
~— Duplication
lII . . . HH Inversion
lost fragments —TT Inversion

— LJ R~

Estimated
copy number

o

20 40 60 80 100 120 140 (Mb)
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Module lll. Complex SV and 3D genome

chr19:1-11064109;chr17:7858769-83257441 -
1

chr20:1-17070762;chr19:14867959-58617616
chr17:1-6643610;chr20:18560020-64444167

o)
Kj
L\.\\'\’)
v

4

\
chry 9

| Choromoplexy
Der17 [ B

Der19 []
Der200 ®

Example Run

SNUCRE11-627T
O

I I |
0 437 874

Chromosorme chri7 chri9 chr20

Module lll. Complex SV and 3D genome

SNUCRC_11-927T 500kb

Color scale

| 1 I
0 437 874

l’\\ .

2NN Weight score

AT NN 1 | |

4" l" \\ \‘\
”’,' ,,"I \'\ \‘\ //\\ 0 15 30
P J ", N 7 N

\"’ \~ \‘ P 4
4 ) e e
Heatmap N 4
‘\ ‘\
.

ch chr17 chr20
-—p ' - N —
11.00Mb 75.50Mb 17.00Mb 44.00Mb 6.50Mb 45.50Mb

Der17 Der19 Der20
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* 3DIV provides the largest number of Hi-C samples

* 3DIV covers most of the required functionality in
navigating the 3D cancer genome

* 3DIV is the most comprehensive resource to explore
the gene regulatory effects of both the normal and
cancer 3D genome
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KSBi-BIML
2021

3D Epigenome Data Analysis — covNorm R pack o6 £
Z 12 (Junglab@KAIST) ’
/

-

& Zo| 2RE FFUHYRES|I} FBH KSBi-BIML
2021 9I34 221 £ BYo=
27 ojgle| CHE SE2 A2H 4+ 2188 £ES
[ 4% SYOR HE Y M4 w2 F20E 0| CIE

AME SotLt A, ul
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* R (covNorm I} 7| X| 7t&) 1t Python (Hi-C contact map A|Zt=})
e
=

- Anaconda2 (5.2. O) 9| Python 2 7.1
A anaconda 2 X| £ conda BEHE
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o AX &2

« covNorm2| E 2 R packageE 2T HX|. Su ?%eStSO-FaCkag'eO| 22 covNorm
F=0| HaEopL I Qc= plotjg!)g =87 I o BF

install.packages(c{"MASS", "propagate”, "FAdist", "stringr”, "splines”)) # Imports
install.packages(c({"reshape2”, "gplots™, "ggplot2”, "corrplot™)) # Suggests

+ GitHub |*‘| d covNorm &2 C22C 2 RCMDZ 2E
H™O| AL == covNorm HHE HZAY 2t HE 7ts.
git clone https://github.com/kaistcbfg/coviormRpkg.git

R CMD build covNormRpkg
R CMD INSTALL covNormRpkg_1.8.8.tar.gz

- HX| = RY I)\j ':c'i'%'ioﬂ ra)icovNorrrlRpkg)’é'%”QE ek X[ 2ol oy
HA|IX| 10| siE R ETF Al |0 ofF &

- 2X LHE 2

* R devtools package’l %= EF Github T4 Y 2 AX| 7ts.
devtools H{ FOf| [}2 D7 |X| | &M X5 HX| F9|.

devtools::install_github("kaistcbfg/coviormRpkg™)

- AX| = ROIA HHY I|brarkl(covNormR g) A
2ol 0|21 HIA[X] giol sl REZF A E|010F'5
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* Numpy (array A2 X) 2 Matplotlib (A 22}, gzip (=) TH7| K|

=

« AnacondaZ Python 2 X| A| 8 Ij7|X| = 7|&= X|S. miniconda
L} CtE pythonO| AX|E Z% s T 7| X|= A X]. (pip install,
conda install AH&)

on & 0| A import numpy, import matplotlib, import gzip

* pyth
p¥%‘9§ AX HAE

A
=

* covNorm 2= ?[olj A= Ofeff tablext &2 format2| I} &
(gzipped) £ 8.

« Row 12 column name (tablelt = & s}i0f &

« fragl, frag2 = interactiondt= & bin

« cov_fragl, cov_frag2 & fragl1 frag2 bin2| coverage

. freq= & bin| interaction frequency (bam Lt ¥ 2| read )
« dist= F bin2| genomic distance2| HCHzL

fragl frag2 cov_fragl cov_frag2 freq dist
chr17.140000.160000  chr17.83160000.83180000 2296 2304 1.0 83020000
chr17.140000.160000  chr17.83180000.83200000 2296 2072 2.0 83040000
chr17.140000.160000  ¢chr17.83200000.83220000 2296 778 2.0 83060000
chr17.160000.180000 chr17.200000.220000 2119 2253 120 40000
chr17.160000.180000 chr17.220000.240000 2119 1744 9.0 60000

Zero frequency bin (freq == 0)2 rowOf| 7t HAE[X| &S
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Feature Of| A|
Interaction read 57}
/ Q;,
, 4
.9,
i, & S
UK . NP LS 3 PRIRAIRBEXK KLY
D20650.85620%2 220 0, 222 2202000, 2020507250 4250208 2.
chr17:0.20000 chr17:280000.300000
(bin coverage 1500) ) (bin coverage 2000)
bin 71 2| 280kb ‘
fragl frag2 cov_fragl cov_frag2 freq dist
chr17:0.20000 chr17:280000.300000 1500 2000 5 280000

» Z} bin2| coverage bedtools2| coverageBed & AFESHY] A4t
https://bedtools.readthedocs.io/en/latest/content/tools/coverage.html

« 2 bam It 2= bin2| coverage A4t A|Zt0] 22 2 L3} Tutorial
&2 = GM19204 cell line2| chromosome 17 intra-chromosomal Hi-C
interaction featureZt ¥ X| S (40kb bin).
http://junglab.kaist.ac.kr/Dataset/GM19204.chrl7.cis.feature.gz 2|5
A BAZ wgetS £ HIZ [IRZE 75

- ResolutionO|Lt depth7t &2 AL Ct=9l interactionO| 7| S |0 Bl A
EIOiY 37| 571 U= 880 £282 gzip ZUOZ A= Al
HY.

« o| 522 B2 zcat If less AHE A| FIAE I AKX E gzip IHE EF 7t
&

10
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« OA| feature LtE = L2 2 CIHEZOM R 2 2 5l d HHO
ure

=
3 ClAEZ|7t CHE 2 file_name B0 featu
ol g4
H =

» read.table 25 AE3HM raw data+ 0] feature It 2A-S
data.frame &4| 2 £ loading. head() & % Ar&3}0] 78 MMOZ

11

« covNorm2| B2 (1) intra- chromsome mteractlon7+o

normalization, (2) zero contact bin Si&, (3) self ligation read
filtered & T X1I§ T=.

THOF AL K| AH K| K| %2 E2 covNormRpkg::filterinputDF &2
data.frameOf| A SH S O O|E MAH 75

St A A| default M2 2 fragl, frag22| chromosomeO| CH2
row, freq”Zt 02! row, dist 7} 15kb O|L 2! row K| A.

raw data filter <- covNormRpkg::filterInputDF{raw data)

12
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« coverage Normalization 41 & . & bin2| coverage= GLM
fitting Sl T2 expected value CHH| fold change £ A| A5+
cov_result H=0] X &,

cov_result <- covNormRpkg::normCoverage(raw_data_filter)

- coverage?} 5 H2 bin 2| % 2t= XI'H3HA row MAH 7ts.
default 200.

« cov_result2| result_df #<Z cov_df O H%&. (& A
normalization®! O|O|E). coeff cov1d} coeff cov22 2t
coverage?| fitting coefficient
cov_resultfcoeft covl
cov_resultfcoeft covz
cov_df <- cov resultiresult df

. =+ =
« 21t X% (outfilename O AT O| & AtE)
write.table(cov_df, file=gzfile(“outFileMNamel"), row.names=FALSE, col.names=TRUE, sep="\t", quote=FALSE)

13

- coverage Normalization 21t S|4 cov_df2| &% feature
data.frame 5[0 37§ ZE =7}

« rand®| AL 4. coverage 11t 22| shuffled| AFE.
exp_value_capturel| % 5 bin2| coverageE 1243t B¢
interaction frequency?| 7|CHgt. capture res2| 4<% residual.

freqE exp_value_capture2 Lt & Zf (normalized frequency)

rand  exp_value_capture  capture_res

77 2.0625 2.9091
47 1.049 1.9066
40 1.6127 0.6174
38 1.7874 0.5595
a4 0.7842 1.2752

14
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« coverage Normalization 21 QC

. 9) 2} bin covera é ov_fragl, cov_frag2)0i| dependent ot Z1t7
t M Ot=l fittin% 1). coeff_cov1dF coeff cov2= =+QIH0] H| 2o
w= 7HA=A] ® 2.

o
— T
interaction frequenc 7t =2.No mallzatlon = coverage-interaction

* (2) Coverage?t &2 B2 95| 2l (bias)0f S °|°H i bin2|
frequencyZt correlationO] Zt2-8}{Of S

-I-

. ROﬂH cor &t==2 correlation (Pearson’s) M3 7ts. (df CH2! cov_df
|-C>) cor{dficov_fragl, dfifreq)
cor{dficov_frag?, dfifreq)
cor{dficov_fragl, dficapture_res)
cor{dfscov_frag?, dficapture_res)

—_

« coverage Normalize & PCC Z4 %t A2 HAMO Z normalized .

15

« coverage Normalization Z21 QC

« covNorm R package%| A= normalization 2 Z 1t A| 23} X| &

covlormRpkg: : checkFreqCovPCC{cov_df, outpdfname="QCplot coverage PCC.pdf")
covNormRpkg: : plotCovNormRes( cov_df, outpdfname='QCplot coverage heatmap.pdf')

S ot A8l Al coverage CiH| pd fE”” 2 A1} A2z} 0[O K|
SM. A AR El figurelt S YDt figure ‘M 7

o|r

16
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« coverage Normalization 21t QC

» coverage normalization QC figure

& o N @
Total interaction frequency &q}i,:‘d\ y %ijsbg; y %i\;z%e @%:4@\)
0 4000 8000 S o Q—@&;\@S) Qg)\(\go oéz\(\(,o é@\ 5 1
S Raw interaction / / 08 =
frequency 06 g
04 §
+ O asinege / 02 §
o £
O kzpment2 / %
—0.6g
nor%oaﬁ(;(readg\?a\ue / / -0.8
-1
17
« coverage normalization O| % distance Normalization
M,
« normDistance %=0f cov_df & &. max_dist O|LH
interactionOf| CHSH A 2F normalization T & (LI X| row
= drop). coverage_normalizationZt S 2 5}A| dist_result
= coeff@ result_df2 Tt =,
dist result <- coviormRpkg::normDistance(cov df, max dist=2886888)
dist df <- dist _result$result df
. exp_value_dis dist_res
« dist_dfe| A2 cov_dfo| F Ol column 27§ F7tEl. =eeeds
1.7021 1.4464
- exp_value_dist: Sl dist2| 7|CHZ}, dist_res: o1 | 11003
normalized frequency o307 Donic
0.6794 0.9287
1.3979 0.9489
18
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« distance Normalization 2| QC.
+ distance EiH| correlation®| ‘@ 2’ (negative correlationO| 2 =2 Z Cf
249 ZA M 3) £ QC. coverage QC2t FASH A3 7|5 M&

covlormRpkg: : checkFreqDistPCC{dist df, outpdfname='QCplot dist PCC.pdf")
covNormRpkg: :plotDistNormRes( dist df, outpdfname='QCplot dist hexmap.pdf')

@ x @
@ o o
0%4@ @ L2
& S P B D
Si? L N
T e O
o&\ o‘@
100 25 < N 1
.
08 ¢
El e 20 Coverage s
S 75 2 normalized value 06 &
° > . 5]
[5] o o
% Density E 15 Densif 04 g
§ 50 E g 02 2
g S § 3
Q g 10 1 DNA fragment 0 2
o 2 - distance Q
e ! °
8 25 g . . -02 »
5 . . 5
. «® -04 2
M 3
0 0 Distance -0.6
normalized value
0 500 1000 1500 2000 0 500 1000 1500 2000 -0.8
DNA fragment genomic distance (kb) DNA fragment genomic distance (kb) ’
-1

« distance normalization O| % interaction2| significance2} FDR A| 4t
7} 3-point Weibull distribution fittingS S5l p-valuel} FDR |t

—_

o
T

o dist_dfE Y = M A| data.framelL 2 Z1t =

final_df <- covNormRpkg::contactPval(dist_df)

- final_df2| &% dist_df F|0i| p-value2f FDR Z & =7+,

p_result_dist FDR_dist_res
0.053347 0.709688
0.237543 0.945149
0.475677 0.948673
0.436306 0.948673
0.450677 0.948673

20
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« M X7t coverage normalization Z1HE

(“GM19204.chr17.covnorm.gz”) 2 X &

- Ofeff IE =3l (It O|F/B 2 HES| uA|) Al pdf ZHO=
QEZI Z2 figure MS

ST (g €2 ) 0 500 1000 1500 2000

import matplotlib

matplotlib.use( Agg’) 0
import matplotlib.pyplot as plt

import gzip

chromosome_size = 83257441 #hg38 chri7
resolution = 48808 # 48kb
bin_length = (chromosome size/resolution) + 1 500

contact_map = np.zeros((bin_length, bin_length))

f = gzip.open('GM19248.chrl7.covnorm.gz') # coverage normalization result file
f.readline() #header
for line in f: 1000
line = line.rstrip()
linedata = line.split('\t')
binl = int(linedata[®].split('.")[1])/resolution
bin2 = int(linedata[1].split(".")[1])/resolution
freq = float(linedata[8])
) ) 1500
contact_map[bin1][bin2] += freq
contact_map[bin2][binl] += freq
#
f.close()

fig = plt.figure(1)

ax = fig.add_subplot(111) 2000
cax = ax.matshow(contact_map, cmap=plt.cm.Rd¥lBu_r, vmin=8, vmax=5)

fig.colorbar(cax)

plt.savefig("HiC_contact_map.pdf”, dpi-186@)

21
* Hi-C contact map, final_df 9| normalization 21} 2E &, genome
track A software S S| =&t A| Of2fet &2 figure ’éﬁéﬁ
s
A
—500kb__ ga 20
88
08
= ilko
® 704 coverage normalized
0
37 distance normalized
1 -log10(p-value)
= —— = TR A= - - -
¢ GIMD1 DKK2 PAPSS1 LEF1 RPL34-AS1 MCUB ELOVL6
22
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« Normalization, A| Zt2t0f| At &= &+=52| 4% ChYst
parameter £ °"“=| 7ts.

 Experiment type (pcHi-C &) Lt sequencing depth & CH ot
2 210 2|5 filtering2| &7 threshold, visualization range 0|

El-El.xI A O|l©
= = T AADO-

» GithubOfl A &t

k4= MOl 240l Al ¥ & parameter/default &M 20!
7ts. 5 2

oX
N
olr |

normCoverage <- function(df, do_shuffle=TRUE, covl_thresh=288, cov?_thresh=288, max_covnorm_value=58, sample_ratio=-1)

At& Of) pcHi-C Ol 0| E{ 0| M Promoter-other interaction =47 A|
coverage shuffle A+& 2+2H/XHS coverage filter threshold (200, 50)
N g

cov_result <- covNormRpkg: :normCoverage(raw_data_filter, do_shuffle=FALSE, covl_thresh=288, cov2_thresh=58)
#in pcHi-C PO-interaction normalization, lower coverage threshold for ‘other’ interaction

23

« A2 0 2) downsampling option AHE. depth”} & 0F It AtO| =7}
& & 4% random downsampling St fitting 7ts. H’d X
downsampling Al fitting Z22t7F A O|O| B AFEA|QF 3 A CHEX]
AOLLAIZIE S0 ==

- sample ratio &4 0] 0~1.0 AtO| ﬁﬁt% RIS AM AL, X2
C
o

50%E 7HX[ 11 fitting &1 A| S & mk2t0| E1§ 0.5 4%,

- distance normalization0f| = downsample 7|5 A 2.

24
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KSBi-BIML 2021

covNorm R package A2 'H. The end

-88-



	페이지_ BIML 2021 표지
	정인경 
	자료집 인사말-2021
	정인경1
	정인경2
	정인경3
	정인경4



