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Curriculum Vitae

Speaker Name: Inkyung Jung, Ph.D.

» Personal Info

Name Inkyung Jung
Title Associate Professor
Affiliation KAIST

p Contact Information

Address Department of biological sciences, KAIST

Email jjung@kaist.ac.kr

Phone Number  042-350-7314

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

. 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)

. 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

. 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

. 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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Proteins are essential molecules in cellular functions
Genes encode proteins

Then, how does DNA instruct genes to encode proteins?

What is the genome?

Human cell

Genome = Gene + Chromosome

Most cells in the human
body have a complete
set of genes

Human Genome = whole set of human
genes + DNA between genes

' Human Genome

Your glenorl:s;‘is gr;le‘\v’v):ctﬂvj set of all your -3.2 X 10°bp (A/T/G/C)
SRR AT 8 SERIDIOSIES. -22 paired chromosomes + sex chromosomes (X, Y)
There are around 20,000 genes in your genome




How can we identify genes?

« A priori method: seek to recognize sequence patterns within expressed genes
and the regions flanking them

* Arecent method: Been there, seen that method:
1. Recognize regions corresponding to previously known genes, from the similarity of their
translated amino acid sequences to known proteins in another species
2. Matching expressed sequence tags (ESTs)

“Need to know the genome sequence”

Human Genome project (1990-2003)

Before sequencing human genome scientists
estimated the number of genes in human genome

as 1,000,000
Proportionofgenesto 1111 Number of genes
Black truffle [P j

Golden eagle I
worm Bk
Human l

Mouse l

Red clover

0 20 40 60 B8O 100
Percent

Protein-coding genes occupy a small fraction of the human genome
— no more than about 2-3% -




One genome, but many different functions

Red blood cells

Bone tissue

with osteocytes Smooth muscle

, QO al (adipose) cells
000
\ )

30 trillion cells Stietod mscleceks

Cell-type specific transcriptome determines cell-type specific function

POUSF1, SOX2, NANOG, TDGF1
LEFTY1, LEFTY2, GDF3, ZIC3,
FOXD3

MIXL1, EOMES, T, GSC, OTX2,
LHX1, FOXA2, SOX17

PAXB, SIX3, LHX2, OTX2, Cell type specific gene expression patterns
PLZF, SOX1, FOXG1 can characterize cellular identity and define
cell type specific biological functions

CGA, HAND1, PGF, KRT7,
CGBS5, CGB, INSL4, GCM1

| CD73, FOXF1, RUNX2, COLEC1(
MMP1, CXCL1, RAB27B, ITGA8

MTRNR2L1, PTGS1, GALNTS,
| WFDC1, NFIX, GALNTL2

L ks FPKM

Gene expression patterns




Gene structures are same for all cell types
Then, how are genes regulated cell-type specific manner?

Can non-coding sequences facilitate cell-type specific
transcriptome with limited number of genes?

Promoter and epigenetic gene regulation

» Controlling the expression of eukaryotic genes
requires transcription factors.

» General transcription factors are required for
transcription initiation

* required for proper binding of RNA polymevase I
polymerase to the DNA '

« Specific transcription factors increase transcription in
certain cells or in response to signals

Transcribed
region

» General transcription factors bind to the promoter
region of the gene

* RNA polymerase Il then binds to the promoter to
begin transcription at the start site e

promoter




Enhancers in gene regulation (or distal cis-regulatory elements)

* Enhancers are DNA sequences to
which specific transcription
factors (activators) bind to increase
the rate of transcription.

region ,/- Enhancers are generally cis-acting,
can be located up to 1 Mbp
(1,000,000 bp) away from the gene,
can be upstream or downstream
from the start site, and either in the
forward or backward direction

» There are hundreds of thousands of
enhancers in the human genome

Cell-type specific gene regulatory elements

Activities at cis-regulatory elements can determine gene expression

Cell type A Turn on W H3K27ac
B H3K4me3

Active enhancers Active Promoter Exon
Cell type B
Turn off
Inactive enhancers Inactive Promoter Exon




Epigenetic gene regulation facilitates various cellular identity

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

Jung, I. Kim, SK, Kim, M. (2012) Genome Research
Kim, SK. & Jung, I. (2012) JBC

| Dahl,JA. & Jung, |
| (2016) Nature

\

\\\ il \\\ lim | !I W//ﬂ/{ ’!"7:
Conrad Waddington
(1905-1975)

Dlverse tlssue/cell types

o e e o o o Em o o Em Em e o o = =

Leung, D. & Jung, I. (2015) Nature

'l

Jung, I. (2019) Nature Genetics

Waddington's epigenetic landscape (Evolution, 1956)

(1) DNA methylation

Slngle Genome Structure

(6) 3D genome organization

(2) Chromatin modifications

Nature 2006, 441, 143




Then, how can we characterize chromatin modifications?

ChIP is a powerful tool to characterize chromatin modifications

ChIP (Chromatin immunoprecipitation)
:The method to use antibodies to pull down fragments of DNA that are bound by a
protein (including histone)

Chromatin

Distal TFBS

Antibody

Transcription
Initiation
mplex .
# @ >  Transcription
initiation
CRM Proximal
TFBS

-8-




Why do we need to perform ChIP?

» To understand transcriptional regulation (or gene regulation)
* Transcriptional regulation is largely controlled by protein-DNA interactions

Chromatin

Distal TFBS

Co-activator complex

Transcription
Initiation complex
Transcription
initiation

CRM Proximal TFBS

What are the applications of ChiP?

ChIP Applications (Chromatin immunoprecipitation)

Chromati 1. PCR —

VN 2.qPCR

Protein Removal /\-/

& 3. Chip
DNA Purification

4,
Sequencing ## Basic Method




What are the applications of ChIP?

ChlIP Applications (Chromatin immunoprecipitation)

i > e ,x;‘t’?—;r:—
Chromati 1. PCR Yy /,,,.
RF
V] / //
it i/
//
N 2. qPCR = 1L
/\_/ PCR Cycle
Protein Removal /\-/ | i
& 3. Chi | T
DNA Purification p Cq | b
...
4. Log Conc.
Sequencing ## Considered Most Accurate
## Often used for validation of
genome-wide approach

What are the applications of ChiP?

ChIP Applications (Chromatin immunoprecipitation)

Chromati 1. PCR
I:> 2 ): [ \) / )
/((gsgs;sg (0
Ve 2. qPCR
q /\j\/ l Hybridization
Protein Removal /\/ l Scan
& 3. Chip =
DNA Purification
4.
Sequencing
REPORTS

Genome-Wide Location and
Function of DNA Binding
Proteins

Bing Ren,’* Francois Robert,’ John J. Wyrick,**
Oscar Aparicio,®* Ezra G. Jennings, "2 ltamar Simon,’
Julia Zeitlinger, Jérg Schreiber,” Nancy Hannett,’
Elenita Kanin,' Thomas L. Volkert," Christopher ]. Wilson,”
Stephen P. Bell,>* Richard A. Young™?+

Dr. Bing Ren (Science, 2000)

- 10 -



What are the applications of ChIP?

ChIP Applications (Chromatin immunoprecipitation)

Chromati

1.PCR

N 2. qPCR
/‘\/
q /‘\/
Protein Removal /\-/

& 3. Chip
DNA Purification

4. -
Sequencing

Development of ChIP-seq

In 2007, there was a race to develop this apparently obviously technology.
At least three groups worked on the development of genome-wide ChlP-seq assay.

ARTICLES Genome-Wide Mapping of in Vivo
Protein-DNA Interactions

David . Johnson,** Ali Mortazavi,”* Richard M. Myers,'{ Barbara Wold® 't

Genome-wide maps of chromatin state in
pluripotent and lineage-committed cells
In wivo protein-DNA interactions connect each transcription factor with its direct targets to form a

Tasjel 5 Mikkelsen'~, Manching Ku'*, David B, Jafe!, Biju Issac'”, Erez Lisberman'~, Georgia Glannoukas', Mikkelsen et al. qene network scaffold, To map these protein-DNA interactions comprehensively acrass entire

Pablo Alvarez', William Brockman', Tae-Kyung Kim', Richard P. Koche'™, William Lee', Eric Mendenhall", Broad Institute mammalian genomes, we developed a large-scale chramatin i ipitation assay (ChIPSeq)
Alsling O'Denovan’, Aviva Presser’, Carsten Russ', Xiaohui Xie', Alexander Murissner’, Marius Wernig |, . " high-throughput DNA ihg. Thi g hod hen
Rindlf Jnenisch”, Chad Hysbaam’, Erfe 5, Lander' 2 § Bradiey £ Bermstein' A Nature in August. based an direct ultrahigh-throughpu sequencing, This sequence censiss method was ther

il fmanise asaEm; e Lncler sl ¥ 9 used bo map in vive binding of the neuron-restrictive silencer factor (NRSF; also known as REST, fer
repressor element=1 silencing transcription factor) 1o 1946 locations in the human genome. The
data display sharp resolution of binding position [£50 base pairs (bp)], which facilitated our

- - -yn - Tinding motifs and allowed s to ientily nencanonical NRSF-binding motifs, These ChiPSeq
ngh-ReSOIUﬂon PfOflllng of Histone data also have high sensitivity and spacificity [ROC (receiver operator charadteristic)

o . area = 0.96] and statistical confidence (P < 10°%), propertics that were impartant for inferring new
Methylations in the Human Genome candidane fnietactons. These Iidlele key transciption facts In the g netmcirk hat regalates

pancreatic islet cell development.

Arterm Barski,"* Suresh Guddapah.' Kaireng Gui,"* TaesYoung Foh,"* Dustin E, Schanes,'* Znibin Wang,"*
Gang Wet,'? lowi Ghapele,” and Kejl Zhao'*

" Laboratory of Malecutar Imimunokog, Natioral Heart, Lus. and Bicod e, N4, Beihascl, WD 20687, USA Johnson et al.
Gt Gt Urkveraiy o Galecrin, L egeis, ) A
R et s Wit Barski et al. Stanford University
critpoadeein: MR T NHLBI, NIH Science in June.
0O 12 1076 oo 30705 003 ;
Cell in May.

-11 -



Why do we need genome-wide ChIP?

+ Genome function on a global scale (epigenome)

- Cellular function / cell identity are determined by genome-wide manner

* Finding transcription factor binding sites genome wide (TFBS)

- Transcription factors (TFs) are the determinants of context-specific transcription

* Chromatin/TFBS landscape of the normal and diseased cell.
» Understanding ES cell growth/differentiation/reprogramming.

* Made a huge impact on chromatin biology, epigenetics, transcription research, etc.

However, TF ChiP-seq requires a lot of optimization process

Multiple TFs involve in directing cellular identify, but it is
impossible to characterize all TF binding sites

-12 -



How can we systematically identify regulatory elements genome-wide?

A) Inactive B)

enhancer : H3K4me1
H3K27ac
v H3K27me3
Silent L X0 RS
dens Transcribed gene
promoter
Primed/inactive
Active
enhancers
Repressed/poised
; Transcribed gene
Inactive promoter
enhancer Al A A TF binding preference
SN[, S VT S

Andersson R. (2014)

Histone modification can be an indicator of chromatin state

Four major histone modification types
1. Acetylation : H3K27ac ...

2. Methylation : H3K4me3 ...

G 3. Phosphorylation: H3S10 ...
/ K=K=n
I 9 5 4. Ubiquitination : H2BUD ...
m mel
N ac ac ac
P ac ac I —\ K— K K_ N

N=K =K =K - K-K K/

1 5 8 2 / \
oac
K—c

c—K

Active marker - Inactive marker ‘

Antibody

- 13 -




Consequence effect of histone modification

1. Change in chromatin packing

*  The positive charge on the histone proteins are reduced

through histone modification

* As aresult, interactions between histone and negatively
charged DNA are reduced and loosen chromatin packing

1. Site for recognition site for other protein

»  Histone modifications can provide recognition sites for other
regulatory proteins that alter chromatin compaction or induce

other histone modification

H1

»
!

Acetylation

—_£
X

Acetylation : H3K27ac

*’ Transcriptional repression

f»/» /»
HATl I HDAC

—

Transcriptional activation

H3K27Ac Level

mRNA Level

I I——
1 2 3 4 5

Rank by mRNA Level

II-_
1. 2 3 4 5

Rank by H3K27Ac Level

-14 -



Methylation : H3K4me3 vs H3K27me3

Decondensed chromatin Condensed chromatin
—_—
N—1  — N—T
N N N 4
. . . A Cc
Histone modification level State

A

¢ H3K27me3
H3K27me3 UL
H3K4me3 \/\/ \/\,
i R
H3Kame3 /\’\
_—

------------------------------ =

SEP1 gene locus

Reader of acetylation and methylation

e 8 ﬂj M?j*

e 6 66—

N‘v: < 4 N\-v: . a ;'
TrxG, TRX, CBP, UTX RPD3, PRC2, PcG

* PRC1 recognize K27me3 and repress gene expression

* Bromodomain recognize K27ac and activate gene expression

- 15 -



Workflow of ChiP-seq data preprocessing

ChIP DNA library

v
Next Generation Sequencing
¢ e )
Fastq file generation > Sequencing quality QC
i v S i
Alignment > Mapping qu?:lity + ratio
i v S i
PCR duplicate removal >| Library complexity QC
4 7 J q J
( )  Reproducibility and )
Peak calling > signal
\ J \ en:ichment l:“: J

Quality Control of ChIP-seq — Alignment

Resource

ChIP-seq guidelines and practices of the ENCODE
and modENCODE consortia

Landt et al., Genome Research (2012)

ChlP-seq quality guidelines after alignment and peak call
* Browser inspection for previously known sites

* Measuring global ChIP enrichment (FRIiP)

» Cross-correlation analysis

» Consistency of replicates

- 16 -



Quality Control of ChiP-seq — Browser inspection

| 139,600,000 | 139,700,02(1()): lk“ 139,800,000 | 139,900,000 | ! hg11490,000,000 | 140,100,000 |
™o b ot b o JE1 s
(CEUT I R N WYY IY | S | O N 1§ O A
il 7 T 7% . T U W | T | § T —
% L — | TR W TR
25k, | f  0s 4 i U4 g
LS VI P R — T | See—p—
Input - . R N o D
RefSeq LR N} = + 1t —H +H — D 1 HHH - 0

GenomeCoverageBed (bam file to bedgraph) / bedGraphToBigwig (bedgraph to bigwig)

* RNA Pol2 is a mark for active promoter regions
*  We should see RNA Pol2 peaks at known active gene promoter regions
* For example, if you use stem cells, oct4, nanog, and sox2 promoters are marked by Pol2 peaks

Quality Control of ChiP-seq — Browser inspection

] SSEESR— S B XITR (ERTEL I TE. S N LN B

J N T T

g ik I STV e— i R e e |
o N TR R a

. é il i d L] | bo

gl I YT T DV | A
.:':jﬂ!nm-wmrnmo R h;?fﬁlll“"mtﬁ' mm,qd"?:q'u!":liz'.i NOISE IN H3K27AC signals

Further optimization needed

-17 -




Quality Control of ChiP-seq — Alignment: FRiP

0.301 FRIiP: Fraction of reads in peaks
A minority of reads in ChlP-seq experiments

0.251 occur in significantly enriched genomic regions
» The remainder of the read represents
0.204 background
» The fraction of reads falling within peak regions is
151 a metric for the efficiency of the ChiP
0.104 | 139,600,000 | 1
L i
0.05
10? - ‘_.I l [ ———
0.00- — 10k 1

il
repl __rep2 repl __rep2 5K |
initial redo B Lchs

2.5k 0" P l

K562 EGR1 ChlP-seq ke

Peaked regions

FRIP (Fraction of Reads in Peaks)
=]
&

Q Non-peaked regions

Quality Control of ChIP-seq — Alignment: Cross-correlation

“phantom” peak ChIP peak
/

8- ~ Cross-correlation analysis

* A high-quality ChlP-seq experiment produces
significant clustering of enriched DNA sequence
tags at locations bound by the protein of interest

» Sequence tag density accumulates on forward
and reverse strands centered around the binding
site

cross~correlabon

0.035
1

Highly enriched ChIP

A
v

0.030
1

T T T T T
0 100 200 300 400

strand shift

Cross-correlation peaks

-18 -



Quality Control of ChIP-seq — Alignment: Cross-correlation

Cross-correlation is a measure of similarity of two series as a function of the displacement of one

relative to the other (a sliding dot product or sliding inner-product.)

Cross-correlation: calculate Pearson correlation between genome-wide stranded tag densities
(correlation between the Crick strand and the Watson strand after shifting Watson by k base pairs)

Two peaks:

* 1. Apeak of enrichment corresponding to the predominant fragment length
» 2. Apeaks corresponding to the read length (phantom peak)

CTCF ChiIP-seq

cross—correlation

0.090
1

T T S | T T
o0 100 200 300 400

g_

0.084
1

0.092
Il

0.088
I

O.CPE

Input ChIP-seq

Highly mappable region

If position i is highly mappable in +

strand, you can expect to see
enriched — strand at i+read length -

4

Quality Control of ChIP-seq — Alignment: Cross-correlation

cross - comelaton

strand shift

Successful

012 014
N L

on
L

008
>

oo
\ —
#

oM
/

cross-comelton
0035 0040 O0O45 0050 0055 000 0085 0070
1

cc(fragment length)
min(cc)

NSC =

RSC =

Marginal
1
|
- |:‘
I
i
i
4 :;
B TN
EA VAN
1 N,
/ N
/ \\
~ \\\\_
0 100 Z'éo 300 00
Wrand shdt

cc(fragment length)—min(cc)

cc(read length) —min(cc)

cross - cometon

Failed

0012 00 oms oo
I 1 1 1

0010
1

Low quality ChIP-seq
NSC value < 1.05
RSC value < 0.8

- 19 -




Quality Control of ChiP-seq - Reproducibility

Reproducibility is essential to reliable scientific discovery in high-throughput experiments

Oocytes

Input

100kb

I ]
I 1

PO 2k o

A3 b g gl il kL el
imes o2 sl il L ulllh. AL L L
H3K27ac rep] 1.-—.&4- ada o M. ..L|J -~ ‘.-Ahu‘-h -A.-J-m-u -d.d. PR T PR P R S
H3K27ac rep2 Bar o i mbllL sonet nlll-- L ‘l-.l. wd 181.1 L u.uu-iu.ln‘. - .I‘ll s.lute ale o dmaral wia o

- e Bt e e o

Highly reproducible broad H3K4me3 domains

» For ChIP-seq, check the reproducibility of identified peaks

Quality Control of ChIP-seq — Reproducibility (IDR)

>
15 20 25 30

fog(signall Rep2
1.0

05

05

10 15 20
log(signal) Rept

o

Iogisigal) Rep2
06 08 10 12 14 16 18

08

08 10 12 14
Iog(signal) Rep1

RAD21 Replicates (high reproducibility)

B C
o
=)
§ ]
i =
o
B g
£ S
&t o |
<F =
IDR<=1%? 2 IDR<=1%? 1
* FALSE 8 * FALSE o | °
. . < T T
Ui ! 1R 0 20000 50000 .
25 10000 20000 33000 40000 50000 £0000 num of significant peaks

Peak rank Rep!

SPT20 Replicates (low reproducibility)

E F
<«
5 J =
o <
& S
3 o
Sa o
i o
* o
IDRe=t®%? S - = IDR<=1%7? 1
* FALSE AR * FALSE -
« TRUE 5 « TRUE ol T T T
s : 6 5000 * 15000
e e logipeak rark) Rept num of significant peaks

IDR: irreproducible discovery rate
Rank identified peaks

Check the consistency of highly
ranked peaks

Check whether consistent groups
are ranked higher than the
irreproducible group

- 20 -




Can we use histone modification signatures to define
regulatory elements genome-wide instead of TF ChIP-seq?

How can we identify cis-regulatory elements genome-wide?

Distinct and predictive chromatin signatures of
transcriptional promoters and enhancers in the
human genome

Nathaniel D Heintzman'?, Rhona K Stuart!, Gary Hon'?, Yutao Fu*, Christina W Ching'!, R David Hawkins',
Leah O Barrera'?, Sara Van Calcar!, Chunxu Qu!, Keith A Ching!, Wei Wang?®, Zhiping Weng"5,
Roland D Green’, Gregory E Crawford® & Bing Ren'? 2007, Nature Genetics

74 enhancers (distal p300 binding sites)
H4ac H3ac H3K4me1 H3K4me2 H3K4me3 H3 RNAPII TAF1

-5 kb Peak +5 kb Peak Peak Peak Peak Peak Peak Peak

Class E1— Class E2— Class E3— logR e—
-3 o} 3

-21 -



How can we identify cis-regulatory elements genome-wide?

* Investigate the patterns of core histone H3 and five histone modifications: acetylated
H3K9/14, acetylated H4K5/8/12/16 and mono-, di-, and trimethylated histone H3K4

« Examined binding of two components of the basal transcriptional machinery: RNAPI|
and TBP-associated factor 1 (TAF1) to identify active promoters

» Examined binding of transcriptional coactivator p300 to identify active enhancers
» ChlP-chip experiments for each marker in HelLa cells before and after treatment with

interferon-gamma, as p300 is known to be involved in the cellular response to this
cytokine at 38bp resolution

Genome-wide identification of Promoter Signatures

Clustering of ChlP-chip profiles along 10kb regions surrounding promoters

a 208 promoters (RefSeq TSSs)
Hdac H3ac H3K4me1 H3K4me2 H3K4me3 H3 RNAPII TAF1 p300 % active

18/102

21/23
Pd_ =
b 25
AN A A\
o A b 1\
WM\ A 117 A
g N\ \\ M AR /I \
M \ N/ NS~
’ v N -/ A
0 % 7 o Vo
-0.5¢ - : - : = i + -
-5 kb TSS +5 kb TSS TSS TSS TSS
Class P1— Class P2 — Class P3 — Class P4 —
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Genome-wide identification of enhancer signatures

[ 52 74 enhancers (distal p300 binding sites)
Hdac H3ac H3K4dme1 H3K4me2 H3K4me3 H3 RBNAPII TAF1 p300
d 25

[id \

- g, v T B S Amrg "‘-Vj e
-05 1 ; : ! ! v

-5kb Peak +5kb Peak Peak
Class E1— Class E2— Class E3— logR _3

Strong H3K4me1 enrichment but depletion of H3K4me3

Distinct chromatin signatures between promoters and enhancers

H3K4me1 H3K4ame2 H3K4me3

Can we predict promoters and enhancers via
chromatin signatures?

H3K4me1 H3K4me2

H3K4me3

Peak Peak Peak

Strong H3K4me1 enrichment at enhancers but bimodal distribution at promoters
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Genomic characteristic of predicted enhancer elements

Clustering of 10kb regions surrounding the distal p300 binding sites as putative
enhancers regions (124 sites in untreated cells and 182 sites in treated cells)

The features of enhancers at p300 binding sites are..

1. Distribution of p300 sites was consistent with the widespread location of enhancers relative to
their target genes (75% of p300 binding occurs > 2.5kb from TSS)

2. Significant number of overlap between p300 sites and DHS because enhancers have been
known to show increased nuclease sensitivity (69.7%)

3. Most distal p300 sites were conserved across species (>60%)

4. Significant overlap between p300 sites and regulator modules predicted by TF binding motifs

ENCODE/Roadmap Epigenomics provide
reference epigenome maps in various cell-types and tissues
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Systematic characterization of non-coding sequences

ENCODE consortium (2012) Roadmap Epigenome consortium (2015)

ENCODE / Roadmap Epigenomics

* Encyclopedia of DNA Elements (ENCODE) : a public research project launched in 2003 (mostly cell lines)
» “aims to identify all functional elements in the human genome sequence.”

« Roadmap Epigenomics: Launched in 2008 (mostly primary human tissues)
* “aims to produce a public resource of epigenomic maps for stem cells and primary ex vivo tissues selected to
represent the normal counterparts of tissues and organ systems frequently involved in human disease.”

Hypersensitive Sites — CH,
ypersensitive Sites

MT] /\mf‘,‘
YAPYTNY
5C DNase-seq WGBS Computational RNA-seq | | CLIP-seq
ChIA-PET | | FAIRE-seq RRBS predictions RIP-seq
Hi-C ATAC-seq methyl array

l Genes
i =5 ==
Long-range regulatory elements NN\

Promoters

(enhancers, repressors/silencers, insulators) Transcripts
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- 111 reference epigenomes
- 1,821 histone modification datasets (ChlIP-seq)
- 360 DNase datasets
- 277 DNA methylation datasets
- 166 RNA-Seq datasets

I HUMAN H MOUSE ” WORM H FLY |
Project Biosample Type
© 12560

L Y

I ENCODE I immortalized cell line

N Roadmap N tissue

7 modENCODE primary cell

I modERN N whole organisms

N GGR I stem cell

I in vitro differentiated cells
N induced pluripotent stem cell line

8000
7000
6000
5000
4000
3000
2000

Assay Categories

Data summary of ENCODE and Roadmap Epigenome
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A ChromHMM model to systematically annotate various chromatin state

Enhancer Gene Starts Gene - Transcribed Region DNA
Unobserved
Binarized 4
gD R RO0I0| (O
marks. Called )
based ona |HoKémel |H3Kdme3 | H3KAme3 | Hakemet | H3K36me3|H3K36me3 H3k36me3 | H3K36me3
poisson
distribution |Hak27ac | Hakame1

Most likely Hidg
State

200 base pair interval 1: a
Emission distribution is a : All pl'ObabllltIES
product of independent - ]

Bernoulli random 2: 5 are learned from
variables the data
3: 6: i
H3Kdmed H3K36me3d

Binarization leads to explicit modelina of mark combinations and interpretable parameters

Roadmap Epigenomics (2015)

A ChromHMM model to systematically annotate various chromatin state
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= | I NN D (| NN N TENE I i
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What have we learned from ENCODE/Roadmap Epigenomics?

1. 80.4% of the human genome participates in at least one
biochemical chromatin associated events

Genes (1-2%) Human Genome

2. Many important genetic variants are found at cis-regulatory elements

3. Enhancer elements are the major player in cell-type specific gene regulation

Enhancer activities are cell-type specific

< \
NN D .
S A . o
] "-i & o

Oocyte 2-cell

Qocyte specific

2 cell specificc

» 20,000~60,000 enhancers in each cell

8 cell specificc

I »Enhancer activities are
E »Tissue/cell-type specific
» Developmental stage specific

ES cell specificc

Enhancer activiy > Linked to tissue/cell-type specific gene

| — expression
15

0 .
H3K27ac ChiP-seq
log2(Sample/Input RPKM)

2-/8-cell common
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Super-enhancer: a cluster of enhancers

Typical Super- 10kb
enhancer: | enhancer: —

Super-Enhancers in the Control T 4 ) T
of Cell Identity and Disease ° R 1 Ll =

Lo NS

9

Denes Hnisz,'~ Brian J. Abraham,’ Tong Ihn Lee,"” Ashley Lau, Viclaine Saint-André,’ Alla A, Sigova,” 1
Heather A. Hoke,"” and Richard A. Young'-*"

"Whitahaad Instituta for Biomadizal Rasearch, 8 Cambridge Contar, Cambridge, MA 02142, USA
Dy of Biclogy. Instiute of Cambridge, MAD2129, USA
FThess authors contributed equally to this work
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1500

One promoter can be controlled by multiple enhancers

a |
5 1000
g °
Y 500
0 T T T T T 1
0 20 40 60 80 100

Number of interacting cREs per promoter

w
[=]
F

Frequency

L] L
10 15 20 25
Number of interacting promoters per cRE

®
] L e\ | /e
10K e
0
;3 '

Summary

ChIP allows to investigate genome-wide location of DNA binding proteins

and histone modifications

Histone ChIP-seq reveals that profiling H3K4mel and H3K4me3 enable to

define enhancer and promoter elements genome-wide

Enhancers are key sequences that control cell-type specific gene expression
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1. Introduction to 3D genome

2. Methods to explore 3D genome
3. Compartment A/B

4. Topologically associating domains

5. Long-range chromatin interactions

Epigenetic gene regulation determines cell fate

—
pluripotency
720
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Waddington's epigenetic landscape (Evolution, 1956)
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“Enhancer” is a major player in epigenetic gene regulation

Insulator Promoter Enhancer Insulator Insulator
(Barrier) (Enhancer blocking) (Barrier)

Silencin
elemen

Current Opinion in Genetics & Development

Increase gene

expression W H3K27ac

M H3K4me3

Active enhancer Active promoter Gene

A epigenetic switch of gene expression

Enhancers can control distal target gene expression

Polydactyly syndrome

Normal hand Preaxial Postaxial Triphalangial thumb
polydactyly type2 polydactyly typeA polysyndactyly

Gene (chr7) Enhancer
N IMbp A
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How does enhancer control distal gene expression?

"\'; Nucleus
% | (4cm)

40km (Genome)

Chromatin is not randomly folded into the nucleus

| ~2 Meters!

l Gene ON

* Human DNA is well packaged
e Length = near 2m
* Average human cell nucleus : 6 micron > 1/300,000 compaction

* Chromatin is not randomly folded into the nucleus
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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

3D genome enables enhancers control distal gene expression

grer

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 organization in 3D nuclear space

Nuclear membrane

Nuclear —— =
pores 2L
TR {
b =) ‘C)}ii; PR
§ omosome  PML -
- territory b_°d-
3 o REpaLs SE
l‘.T'?(. :
ad AR s !
X L A o
avzj oy
. :-q" 7 »
) olyc k ‘
~ body P,

Chromosorr

o Active genes e Inactive genes

Perichromatin

b

Botchkarev et al., 2012

Oncogene activation

Oncogene OFF ®

ey

Oncogene ONv

1

et Go003 poundary Entancer chaster T

®® ® ®

Hurnan by prarstype

Dixon, JR*., Jung, I*., et al., Nature (2015)

X-chromosome inactivation

=1 . BRI |
U] (U] [y
Faynarome Potpsscyty Wistps  Brcnysecly
Hnisz et al., Science (2016) Franke et al., Nature (2016)
DNA replication DNA repair

[onx

Engreitz et al., Science (2013)

Pope et al., Nature (2014)

Misteli & Soutoglou, Mol Cell Biol (2009)
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1. Introduction to 3D genome

2. Methods to explore 3D genome
3. Compartment A/B

4. Topologically associating domains

5. Long-range chromatin interactions

Methods to detect 3D genome organization

Imaging based methods:

1. Electron microscopy : labor intensive and not easily applicable
to studies of specific loci

2. Light microscopy: Limited resolution (100~200 nm) to define
chromosome conformation.

3. FISH (fluorescence in situ hybridization): Requires severe
treatment that may affect chromosome organization

Require alternative strategies to detect chromatin
interactions at high-resolution genome-wide

4C-seq ChIA-PET Hi-C Capture HiC HiChIP GAM
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Imaging vs sequencing methods

Imaging (FISH) 30
* In general: Single cell '_| FISH ;
* Spatial distance 1.0
* Any distance outside probe “glare”
S o5 el
o

Contact
probability
A

Omics (Chromosome Conformation Capture)

. i 0.0 =
* In general: population Capture | Median spatial

distance | distance

* Contact frequency
e Capture radius dependent
* Long distances in close proximity

Belmont, Curr.Opin.Cell Biol. 2014
Giorgietti, Gen.Biol 2016
Fudenberg and Imakaev, Nat.Methods 2017

Wide-field Deconvolution 3D-SIM

RNA-FISH

DNA-FISH

https://link.springer.com/protocol/10.1007/978-1-62703-137-0_4
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Multiplexed ghromatin tracing High resolution cizo_m_o?omg traces

e ey
| ) | é%ﬁ-& |'||1' 'f| ||| ({; l

Genome-scale chromatin tra
Multiplexed RNA imaging Protein imaging| a@ns<ription & nuclear ¢ organ
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0@ Transaitpts
@ Nulcsar

Chromosomes

D2l ... 22X

Single-cell ~T———
domains

A multiplexed error-robust fluorescence in situ hybridization (MERFISH)

https://www.sciencedirect.com/science/article/pii/S0092867420309405

Cut with Fill ends
restriction and mark
enzyme with biotin

7 M)

\p \!
Cross-linking —> Digestion = Re-lig
T —r

romoter

— — e

Lieberman et al., Science (2009)
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Hi-C contact map to visualize 3D genome

chrll

B—> ()
3 Reads
g $0.00005

cis-chromosomal interactions (chrl1)

TAD (Topologically
associating domains)

Individual chromosome

Chr17 Chr17

ol N (L
new |

o — -

O WY
geemiy (g O
138 =¥ E EEE £1

. /\/\A
A
w A

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

20 Normalized
ligation frequency

Dixon et al., (2015)

Hu et al., (2013)

Bolzer et al., (2005)

E-P interactions

Enhance
Promoter

Enhancer

@ CCF
Cohesin

Kim et al., 2019

Jung et al., (2019)
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1. Introduction to 3D genome

2. Methods to explore 3D genome
3. Compartment A/B

4. Topologically associating domains

5. Long-range chromatin interactions

Chromosome territories A/B compartments TADs/domains corner-peaks

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Mora etal, 2012 Rao & Huntley et al, 2014
Dixon etal, 2012
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Spatial compartmentalization of 3D genome

10 Mb

* What does a plaid pattern indicate for?

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

* What is a biological meaning of the presence of a plaid pattern?

» Genome can be compartmentalized into two parts (compartment A and B)

Modeling 3D chromatin structure from Hi-C contact map

Chromosome 5 (181Mb)

Chromosome 5 (18Mb)

Hi-C Contact Map 3D modelling
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What is a major structural component?

Compartment B Compartment A

How can we systematically compartmentalize the 3D genome structure into two parts?

Two major compositions of chromatin structure: Compartment A/B

How does compartment A/B affect spatial genome organization?

The loci in the same compartment E . . s wu Fu o s uw
showed spatial proximity il fhr 18 b 3 phr 14 ]
Eig o ™ M R s ™
Compartment A Compartment B
Compartment A CompartmentB e b

@
=3

Number of loci
\\\
=
~
Number of loci

»
3

Dlmnce to L3 (m!cmns) Dmance tol2 (mlcrons)
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Compartment A/B dynamics during stem cell differentiation

Is compartment A/B cell-type specific?
(How can we design a test experiment?)

OP9 coculture -> colony-forming
-> colony subculture Mesenchymal
——— Stem Cell (MSC)
Crosslink DNA / 19-22 days

YT Noggin + SB431542 Neuronal Progenitor
S rcoan hESC (H1) _— Cell (NPC)

. 7 days
N + BMP4 Trophoblast
5 days (T8)
FGF2 + BMP4 Mesendoderm

2 days (ME)

Perform Hi-C experiment

Dixon, JR., Jung, I., et al., Nature (2015)

Compartment A/B patterns are highly dynamic

- Compartment A |:| Compartment B
ESAB -——— P — .. Al
ME A/B . B Y .
MSC A/B N i AN ..
-, & S
NPC e il A&.\LMA_&.A& Al b m
NPC A/B e R — T N i
4 . 2 =
B e il e | i | M | v o A.A
TB AB - i, r‘
5 Mb} 1 hgts

35,000,000 | 40,000,000 | 45,000,000 |

lﬂaﬂ L‘!"‘im — Ha;-_l' 'u .?-.ﬁ '1- 1'-1'-"1:!:."-' m b — ! wm'“' [ ‘ol | —
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Fraction of compartment A/B in each cell-type

ES ME MSC
0
38% WA 329
OP9 coculture -> colony-forming
-> colony subculture N Mesenchymal
e Stem Cell (MSC)
/ 19-22 days 4
[
Noggin + SB431542 Neuronal Progenitor 8% 8% 8%
hESC (H1) ( ) Cell (NPC)

/—)
o foas NPC TB IMR90
~— BMP4 l( ) Trophoblast
: (TB)

5 days
FGF2+ BMP4° Mesendoderm

2 days (ME)

32%

\
8% 8% 6%

Fraction of genome marked as compartment A (blue) and B (yellow)

Chromosome territories A/B compartments TADs/domains corner-peaks

N\
N\

N\

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Mora etal, 2012 Rao & Huntley et al, 2014
Dixon etal, 2012
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1. Introduction to 3D genome

2. Methods to explore 3D genome

3. Compartment A/B

4. Topologically associating domains

5. Long-range chromatin interactions

Topologically Associating Domains (TADs)

9 Mb 100 Mb 101 Mb 102 Mb 103 Mb

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

hESCs

LOC285889: C70rf13i
LINCO00244i

LMBR1

Hi4i44 RBM33

EN2 |
SHHI

INSIG11
CNPY1H

HRNE32

1Mb

NOM1 |
MNX 1l
LOC6452491

| UBESC
DNAJB6 =+

TAD boundary

§$%’ W

No boundary

Interactions downstream

A
Interactions upstream
Putative boundary

“. \\ . '\‘. N\ , ,,. ."‘
; a WY £;=| L ’“.&
<A B—

1,2 3 4 5 6 7 38 9 10
[] B B8 B0 B B =l ES B8
L/

Methods to define TAD boundaries

Slide insulation square along diagonal
- e

11,12

=

Aggregate each insulation square
A 3 2 2 3 4

———

Biased g -
downstream ‘c% mean: 5
= @ 4 4
Biased =3 g 1
O
upstream ) 1

Directional Index Scores

123 45 6 7 8 9101112

Insulation Scores
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TAD boundaries are well maintained during differentiation
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TAD-wise interaction changes during cellular differentiation
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TAD boundaries are evolutionarily well conserved

60
E §- p Human ESC ) — MESC
EE3 2,117 total
hri2: I 1 I /
c rss 930000001 92000(:00 91000000 o
i l"_..'—"."—‘l""“‘-—““‘_ Human to mouse
-50 -16
PLXNCT WM SOCS2]  HNUDT4 )C120rf7d4  ++=4LOC256021 P<22x10
CCDC41+#l  CRADD b=+ W OC643339  BTGT)
LOC144486! LOC1444811 PLEKHG7 1 \CLLUT

MRPL42MNUBE2N ~ HEBEEA1 ICLLUTOS
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TAD is a basic unit of 3D chromatin structure

1.

2. TAD boundaries are well maintained during cellular differentiation and evolution

The human genome is organized into 2000~3000 TADs

3. However, within TAD interactions are dynamic in cell-type specific manner

A
‘\,a Spatially isolated and
‘)p DNA highly self-interacting
\2 w i
‘ (Chromatin) region

TAD1

AN

TAD3
TAD2

Nucleus
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What is a relationship between TAD and Compartment A/B?

What is a functional role of TADs?
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TAD boundary restricts long-range enhancer controls

Shh promoter
al Shh enhancer

Triphalangial thumb
polysyndactyly

INSIGIE  EN2j HiHHH BBM33 LOC2858891 C7orf13 NOM1H M4 UBESC
CNPY1M SHHI LINC002441  H{RNF32 MNXil
LOC6452491 DNAJB6 HHHl
LMBR1 =i

From Dixon et al, Nature (2012) and Smallwood et al, Current Opinion Cell Biology (2013)

TAD boundary disruption as oncogenic driver — Model 1

® Enhancer
Cmmmm— Promoter and gene
d CTCF binding site
4 Chromatin loop
TAD boundary disruption
Deletion of CTCF sites
Methylation of CTCF sites
_—
o—=r
I =—aaillEY )l el
Hé_’/' Activation of oncogene
Current Opinion in Genetics & Development
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Activation of proto-oncogenes by disruption of TAD boundary

CANCER

ACtiVﬂtiOH Of proto-oncogenes TAD boundary disruption induces
by dismption Of oncogene activation
chromosome neighborhoods

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

Oncogene OFF ®

|ewoN

Rasmus O. Bak,* Charles H. Li,"* Johanna Goldmann,' Bryan R. Lajoie,” Zi Peng Fan,"”*
Alla A. Sigova,” Jessica Reddy,"* Diego Borges-Rivera,” Tong Ihn Lee,"
Rudolf Jaenisch,"* Matthew H. Porteus,* Job Dekker,™® Richard A. Young"*t

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

uond[apOIOIW
oluaboyled

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 ’
cells was sufficient to activate prote-oncogenes. Mutations affecting chromosome T-cell acute lymphoblastic leukemia (T-ALL)

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

Cohesin AEI— =

CTCF Enhancer y /‘

>, =

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

irlte‘rlaction

significance

TAD e (FDR)
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ChIA-PET : 0
interactions: A .

a O\ 50 kb

= | ALl cTcF

L T T -

LMO2 CAPRIN1 NAT10

J 2
»

deletions

Patient [

Disruption of TAD boundary activates LMO2

NAT10 & wild type HEK-293T LMO2-ACTCF HEK-293T
Cohesin § "
8 (2]
CTCF CAPRIN1 % §
m -
DI o
C> B ﬁ
LMQOZ CAFPRIN1 % S
LMoz NAT1I0 T :
S
LMO2 n
$e 25 LMO2-ACTCF HEK-293T
B s 20 ® =
S5 = i 2
% g;‘ 1.5 &‘ s
2 10 i . g
(= o : g
@] g 0.5 [I % . g
= oo 3 :
] o
6&{(‘002-@6 8 =
O O @ -
P ¥ = -
TS 5
3
‘00
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1. Introduction to 3D genome

2. Methods to explore 3D genome
3. Compartment A/B

4. Topologically associating domains

5. Long-range chromatin interactions

Chromosome territories A/B compartments TADs/domains corner-peaks

I

'.\ 1

\ . ,j

AN N\, /\—_/ y
\\ N k- = _ %
\ \
nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Nora etal, 2012 Rao & Huntley et al., 2014
» 1etal 1
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Promoter-capture Hi-C: Enhancer-promoter interaction maps

2

o

=

= t

U y ;
i Hindlll Hi-C
o "~ Library
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] = ! !
FE 1 ssDNA probe synthesis

@

]

'g | Invitro Transcription

a

< Sw~g

: i, 7
g W

=

Y

o

]

B & ¥ -

o

£ e N =~

°

o Capture 19,462 promoters

3D-genome Interaction Viewer

and
\
il_'“. 1A database

'
HY-ESC separ-onhancer 1
HI-BSC wgar-erbarcar 3

H1-derived Mesenchymal Stem Cell

Yang et al., NAR (2018)

Jung et al., Nature Genetics (2019)

Basic principles of enhancer-promoter interactions

1. Enrichment of distal interactions

2. Interactions are tissue-specific

150K 1 1.0
125K - P
- 100K - B
= Median distance = 158kb 5
g 75K - Total 892,01_ 4chi—C int.eractions L 05 2
g (431,141 unique interactions) g
Y- 50K - -
25K < 5
04 L 0
15kb  500kb 1Mb 1.5Mb 2Mb

Distance of pcHi-C interaction

~158kb

‘-

P

158kb - a similar range of eQTL associations

chr21  264Mb 173Mb 28.8Mb 9EMb  30.0Mb

&
D Aoae Biads [o

prefrontal cortex S
8

H1-hESC

BO0Mb

7
Hippocampus [D

N="""
~&

— 8

Mesenchymal M [o
stem cell

8

Spleen - v i

_-_.‘_.- ~ .

Thymus o e 0

13~45% of pcHi-C interactions are unique
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Basic principles of enhancer-promoter interactions

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

Hippocampus pcHi-C interaction

g 100kb
v 2 chr2 =
BE
NI | T
r B el P — Tissue type A
T 2 @) 00100287010 LINCO1114 # (4% | 0C100506421 yp
= i LINCO 1102 | POU3F3
: Gene
AD " AO ¥ AO . .
BL® BL * 4 activation
GA " GA ™ GA
LCL * LcL ™ LCL
H1 % H1 ™ H1
el k- T ] I HC |—
IMR90 | IMR90 IMR90
LG" LG LG
L L= LI
W v * LV Gene
e ME ME repression
oV ov = ov
RV " RV ™ RV
SBY S8 = SB .
TH® me ™ Tissue type B
MSC MSC ™ MsC
ey I— NPC © NFC T T T

1053 179 105, 1240 ’05.42,,,4 ’05.4)9,,4 0

H3K27ac ChiP-seq RNA-seq near Distance normalized
POU3F3 promoter pcHi-C freq.

* 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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3DIV: http://3div.kr

3D-genome Interaction Viewer
'; DIY and Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us
= = database

3D-Genome Interaction
Viewer & database

databas ut 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.

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)

Control (33) Endothelial and

— epithelial cell (35)
Pancreaticcancer (1) g/ jine (29)
Liver cancer (1)

Skin cancer (2)
Prostate cancer (2)
lioblastoma (2)
are cancer (2)
ibrosarcoma (2)
Lung cancer (2)
Gastric cancer (3)
7 ~Ovarian cancer (3) )
LI\:ESB%?L%SE a(3) capture
Kid%ey cancer (5) Hi=C (26)

Breast cancer (16)

Fibroblast
and derived (15)

Cervical -\
cancer (33)

Primary tissue (15)

Leukemia (32) Immune and blood cell (28)

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

Live
Interactive manipulation Structural
Number of Hi-C contact TAD One-to-all Interaction Distance Hi-C contact of genomic variation

Soltware samples® map annotation interaction table normalization map browsing  rearrangement annotation
DIV 2021 Update 401 v v v v v v v v
by 80 v v v 's v v
4D Nucleome i3 s v
Nucleome Browser 138¢ + v
WashU Epigenome 364 v v
Browser
HiView 2 v ' v o v
HUGIn2 83 b v v s e
3D Genome Browser 113 + v
GITAR 20¢ v v
Hi-C Data Browser (] v v
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Unique functionalities of 3DIV

Features of 3DIV

with 33 control samples

_ (73
187 cancer/tumor tissue samples gg gg Pan-cancer SV data

77\

153 cell line/tissue Hi-C and

}

for corresponding cancer type

MySQL + Java Spring + HTML5

@

28 promoter capture Hi-C data /| based webserver implementation
p p K p

Y]
230 billion reads processed S0 Interactive visualization function
and normalized Hi-C contact maps on web page

Normal Hi-C Analysis
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Normal Hi-C Analysis

/\ 3D-genome Interaction Viewer
p and Hi-C
kDS database

Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us

3D-Genome Interaction
Viewer & database

oout 3D-genome

Hi-C

3DIV provides querying list of significant
interacting partner locus, visualization,
and comparative analysis of 3D
chromatin interaction across about 400
samples.

ABOUT 3DIV

Capture Hi-C

3DIV provides promoter capture Hi-C
(pcHi-C) results across 28 normal human
cell/tissue types, a great resource in
Identifying target genes of disease-
associated genetic variants.

Normal Hi-C Analysis

Cancer Hi-C

3DIV provides unique visualization and
manipulation tools that allows user to
generate rearranged 3D genome by
selecting listed SVs, creating own SVs,
and providing order of rearranged

chromosomes.

Normal Hi-C Analysis

/\ ) 3D-genome Interaction Viewer

v and hg19 Hi-C  Capture Hi-C

Interaction table Interaction visualization omparative interaction vi:

Cancer Hi-C

Statistics Download Tuterial

sualization

> Choose sample(s)

y characteristics C

> Type » sam

> Condition

ple property

v Choose. d Choase.

> Selected region(s)

Sample

> Sample

~ Choose. ~

> Interaction range

Contact Us

Interaction Table
Interaction Visualization

Comparative Visualization
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Functionalities of normal Hi-C in 3DIV

=== Interaction Table

* Bias-removed/distance-normalized Interaction frequency
* Disease-associated GWAS SNPs

» Promoter/Enhancer/super-enhancer annotation

* Histone ChIP-seq signal

e Interaction Visualization

« Interaction frequency heatmap

* Topologically associating domains

» One-to-all interaction plot

* Arc-representation of significant interactions

e Comparative Visualization

» Comparative interaction frequency heatmap
 Synchronized interaction visualization

Module 1 : Interaction Table

Hi-C experiment Gene annotation GWAS study  ChlIP-seq experiment

X . e - e
AL kA o e e @i S

TAD Interaction frequency  Promoter and gene body Disease associated SNPs Super-enhancer  Histone markers

Enhancer or H3KZTac HiKéme1 H3K4ma3

Sample Locus (unit k) GWAS SNPID

s o "ei:w wq:-w o o aw:r:nw ch::r:qe Fd::ﬁ:us Fd:l‘d'wu-
SamCel | o 4970 316 7.0 IRX5 26 415 23
Stem Cai | chrig:85505.58510 225 69 Enbanver a7s a6t 227
8 Mesenchyral Sism Cel | chrl6:65500-55505 201 a2 Enbancer 641 415 286
Mesenchymal Stam Cel | chrl6:55540.55545 128 an LPCATZ 158 561 177
Mesenchymal Stsm Cal | chet£:55510.55515 129 40 MMP2 207 561 zs
% 8 Mesenchyral Stem Ge | chr16:55535-55540 102 az Ertuns a1 598 214
Eé § & Mesanchyral Slam Cal | chriB:55355-55360 108 am IRXE 247 a0 1124
E E E Mesanchymal Stem Cel | chri8:54320-54325 25 288 IRX3 asr 616 1882
3 gg [ Mesenchymel Siem Cel | chr16:55530-55535 085 27 Enhancer 663 538 28
é 3= Masanchyral Stam Cal | chrt6:55515.85520 074 2% MMP2 138 an 175
oE a Mesanchymal Stem Cel | chr16:55310-55315 083 23 Enhancer 3% 358 214
<] [vesenenymatsiem cat | s saris sz 07 224 LINCO0919 13 124 12
Mesenchymal Stem Cal | chri6:55705.85710 o0g2 218 sLoea2 112 178 227
g Mesenchyral Stem Cal | chr16:54375-54380 174 21 Erturuer 312 5% 28
Mesanchymal Stem Cel | chr16:55600-55605 062 205 CAPNS2 165 233 1.75
Mesenchymal Stem Cel | chri8:55315-85320 074 205 Enhancer [k} 415 175
Mesanchyral Siam Cal | chrl6:54480-54485 089 128 rs9a21518 156 288 175

L— 1 .5 __p—f""'-ﬂ_—h_"“‘-\— | 55—== |

L
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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 ChlA PET MCF 7 RNAPII

% SLC6A2 M
CAPNS2| OGFOD1 M
PCAT2- e e
R, hoo Bas L AR L Nty
IRX6 IMule “cestP1l GNAO1 I—
53,5Mb 54.5Mb 55.5Mb 56.5Mb
CHR16:q12.2 (hg19)
RPGRIP1L I CES1H AMFR
AKTIP] CESSA . NUDT211
i S s . i J s 0’,{{;/ % ,"

%“Easz =

GIS ChIA-PET MCF-7 ERa

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

Step 1 : Open Interaction Table Module

3D-genome Interaction Viewer
$p)y and hglo H-C  Capture HFC  CancerHF-C  Statistics Download  Tutorial  ContactUs

=== database

Interaction [able Interaction visualization Comparative interaction visualization
+ Choose sample(s)
“ ble” |-« s
| Click “Interaction table” s cooesmien
> Type » Sample property ¥ Condition > sample
Choose... v Choase.. v Choose... v Choose... v
> Input bait > Interaction range
Bait 2Mb v
(Ex. CROCCP2, chr22:27141000, rs42)

> Selected region(s)

! Sample Bait

[corven J ]
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Step 2 : Choose a sample

table [<

* Choose sample{s)

| coosesompresivy cravacecses | choss

1) Choose samples with condition

ion table i i <

+ Choose sample(s)

Choose sample(s) by characteristics Choose sample(s)
TITIT : 2) Choose samples with searching window
Ir”: Meseachymal e el | |
* Input bait Bl > Interaction range

table

+ Choose sample(s)

3) Choose samples from the list directly

Step 3 : Choose a bait

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Type > Sample property » Condition > Sample
Stem cell and derived (3 W H1 M5Cs, Mesenchymal No treatment (1) . H1_Mesenchymal SCs v

I Insert ID of Gene/SNP or genomic coordinate I

> Input bait / > Interaction range

Bait: | i | 2Mb ~
(Ex. CROCCPZ, chr22:27141000, rs42)

I Click button to add sample I

> Selected region(s)

& Sample Bait

Example Run m
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Step 3 : Choose a bait

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) v charartarictics rhnnco camnlals) hircaarch rhnnca camnlafc)
Find genomic location from Gene Symbol or SNP id [
¥ Type ole
Gene symbols
sEhalaidade rs1421085 | chri6 : 53,767,042 ~ 53,767,042 | Eummate TV
> Input bait > Interaction range

J Click to confirm the coordinate of variant. I 0
2Mb w

[Exe. CROCCP2. chr22:27141000, rs42)

Selected region(s)

O Sample Bait

Example Run m

Step 4 : Run Module

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Type > Sample property > Condition > Sample
Stem cell and derived (3 Vv H1 MSCs, Mesenchymal Mo treatment (1) ~ H1_Mesenchymal 5Cs v
> Input bait > Interaction range
Bait: | rs1421085 2Mb e

(B2 CROCCPZ, chr22:27141

> Selected region(s)

L

Sample Bait
/] H1_Mesenchymal_SCs chr16:53767042

I Click to run module I
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Step 5 : Browse the table

e ]

Bias-removed interaction frquency
Distance normalized interaction frequency
Annotation of Enhancer or Super-enhancer
Annotation of disease associated SNPs
Annotation of Promoter

CHIP-seq signals 2

Filter

Distance normalized Interaction frequency :

Show 10 # entries

Distance
Bias- i
normalize
; TEMOVES d GWiAS Gene
Sample Bin Distance Interactio ‘ Enhancer H3KETa H3K2Tme3 HiK4me1 H3Kdme3 H3Kame3 e
Interactio sNpiD Name
n
freque 9
' S frequency
007 omt Nare re9935815 3 176 183 182 192 122 0.00
1255000 0.4 07 N re9933638 3 20 208 228 147 141 0.00
70000 1 re9931702 3 248 185 192 200 000
237 116 Nons 55974583 4 2m 27 27 238 182 0.00
57 &1 i 7 62 207 145 000
0.5 118 Nars E 2 206 378 152 182 000
0.10 087 Nane 5302592 . 277 248 164 145 141 000
a7 None ke 20 185 185 233 168 000 B

Step 5a : Adjust the table

enomics

Filter
Distance normalized Interaction frequency : | 0.00 | - [2.55
[ 1 2
Show| 25 ¢ |entries -
" Distance
Bias- -
normalize
removed
y d GWAS Gene
Bin Distance Im:e:‘acuu Interactio Enhancer P in Nome H2K2Tac
frequen "
S frequency
A 16:51815000- 007 None re3935825 - 176
Stemn Cel
Adjust the number of entries per page. ;
1522210000 R .
004 None r=3933638 - 20
Stem Cel
- 1522425000
S 270000 114 None re38317 2
225000 27 118 Nons rs39p4983 - 201
" 1E:22800000
o ; 572 None 6
700000 088 RH None 397758 - EE
750000 0.10 087 None 3302557
- 1822420000
e 275000 None rsB057808 AP 201 .
3
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Step Sb : Sort the interaction table

Epigenomics

Filter
Distance normalized Interaction frequency : B | 0.00 | - [2.55
1 2
Show 25 &  entries -
- Distance
Bias- -
normalize
removed
- . . d GWAS Gene
Sample Bin Distance |nw:mu ensetin Enhancer en o H3K2Tac
n
frequency P
e EmEmEoe s None re72803613
hr16:53800000- - . 1915953 .
I Click the header to sort the table I
cnr1E:53845000- T - -
111 None NA
122 None NA 228
53 127 None NA
101 None NA a2
None [sE£89620 .

Step 5c : Filter interaction

Epigenomics

Filter

Distance normalized Interaction frequency O

Drag to filter interaction by their strength in this case, 2.0 is the criteria. I

Show 25 #  entries N N =
Click to apply the filter
Bias-
oved =
rem
= d GWAS Gene
Sample Bin Distance Imm;‘a:uu et Enhancer SNPID Name H3K27ac
n
i ] frequency
585 MNone -
35000 061 None =
80000 578 117 Non= HA
575 1 MNone NA 277
None A -
£S53 1 None NA - 77
545 101 MNone NA 3oz
s 044 None 56499640 76
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Step 5 : Browse the table

Filter
Distance normalized Interaction frequency : NN BN 0 |- [255
o 1 2
Show 25 #  entries -
' Distance
Bias- -
normalize
removed
. d GWAS Gene
Sample Bin Distance Imer:ma temactio Enhancer s o H3K2Tac
n
S frequency )
22823000
‘“":;5'“5330 267 258 None e - a4

chr16:54830000-
54¢ 0

255 247 Nane M I IRXS I 1.50

IPromoterofCRNDE I

chr16:54820000-
54¢

245 2 Nane M

chr16:54835000-
54¢ 0

224 228 Nane e - 134

00 07 None ME I CRNDE I 1z
i Promoter of IRX5 I

First Previous Next Last

chr16:54815000-
54¢

Showing 1 to 5 of 5 entries (filtered from 792 total entries)

Module 2 : Interaction Visualization

20
A i
8de
S 3
H
£58¢
S35
<
178425000 179825000 180225000 180625000 181025000 181425000 181825000 182225000 182625000 183025000 183425000
B
Bait bar ‘ 10,0
Iy ‘ S o
5 200 8.0 T 2
g 3 \ §§
E § 60 §F
o5 Distance-normalized =
5 g 100 interaction frequency | 40 8 §
©
o8 cut-off value : 2.0 &5
2 20 38
£ . 2
00 00
C
H1-ESC super-enhancer
bttt () i H ol 4
PEXS5L CCDC39 SOX2 FLJ46066 LAMP3 KHLL&
FXR1 ATP11B MCF2L2
o H b
LINC01206 DCUN1D1 KLHL24
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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
(ININNENT BRI NNNNITNINEIND)

7’ 5 MD bt 10 19
Pid 55,000,000] 58,000,000 61,000,000§ 64,000,000} 67,000,000§ 70,000,000§
/
CHROMOSOME 1 s Normalized PrEC
AR nC a7 interacting Normal
5 MDpmmmma NG 19 ’ counts
PrEC fe == 4
Normal 1 ] min max e
! 1
: b ]
i M‘&g'
r_cs%—}
Cancer
1 |
5 ] ] ¥
A 1 . 1 Domains e
B PO R | creF T
]
- PC3
V Cancer
Do SN :
Domains S —IA &_-——
\\ crer Ll = PRI ) R NP o 1Y F
» LNCaP
\ Cancer
\
\
\
\
\\ Domains mmm wm=n
\ CTCF .| bid L (i 1l
\ RefSeq Genes simmw [ T - T
\ CYBSRL DEPDC1-AS1

Taberlay et al, Genome Res. (2016)

Step 1 : Open Interaction Visualization Module

3D-genome Interaction Viewer

IpIY and hgl1? Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us
== == database

Interaction table

Interaction visualization Comp ive interaction visualization

> Choose sample(s)

| Click “Interaction visualization’

— —
Choose sample(s) by characteristics Thoose 5ample(s) Dy search ChOOSE samples)
> Type » Sample property » Condition > Sample
Choose... v Choose... v Choose v Chaose... v
> Input bait * Interaction range > TAD
Bait 2Mb v DI (window size = 2Mb) v
(Ex. CROCCP2, chr22:27141000, r342)

> Selected region(s)

( Sample Eait TAD

xampierun [l fun
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Step 2 : Choose a sample

3D-genome Interaction Viewer
IDIY and hgl9 Hi-C Capture Hi-C Cancer HI-C Statistics Download Tutorial Contact Us

database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics

- A549 00h 100 nM dexamethasane =
A549 01h 100 nM dexamethasone
[J A548 04h 100 nM dexamethasone
) A549 08h 100 nM dexamethasone
A543 12h 100 nM dexamethasone
7 ADACA418 (primary islet) Click to load the list of Hi-C experiments I
) Adrenal gland

O Aorta

[J ASCs (Adipose-Derived Stem Cells), 0 day of differentiation induction

ASCs (Adipose-Derived Stem Cells). 1 day after neuronal induction

J ASCs (Adipose-Derived Stem Celis), 1 day of differentiation induction

) ASCs (Adipose-Derived Stem Cells). 2 days before induction of differentiation

> Input bait > Interaction range > TAD

Bait IMb v DI (window size = 2Mb) v

27141000, rsd2)

Step 2 : Choose a sample

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)

1 IMR9Q, in-situ Mbol
0 K562, in-situ Mbol
O KBM7 cell line
0 KBM7, in-situ Mbol
[ Left Ventricle
Liver
I LWNCap prostate cancer cell line, Bglll I

D Lung

NCF-10A

AICF-10A BRG1 shRNA

mick to choose sample I

s S g e oy e i

» Input bait > Interaction range > TAD

Bait : 2Mb W DI {window size = 2Mb) b

141000, r=42)
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Step 3 : Choose a bait & TAD calling option

Interaction table Interaction visualization Comparative interaction visualization

» Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose samplefs)

) IMR90, in-situ Mbol
) K562, in-situ Mbol

) KBM7 cell line

| KBM7, in-situ Mbel
) Left Ventricle

) Liver

g
LMCap prostate cancer cell line, Bglll

=
O
O Lung

| MCF-10A

| MCF-10A BRG1 shRNA
) MCF-10A scramble shRMNA

-

0 MCF-7 -
> Input bait » Interaction range > TAD
I Bait: | chri:60000000 1 I_wn ~ DI (window ~

{Ex. CROCCP2, chr22:27141000. rs42)

Remove samplefs)

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

> Selected region(s)

O

Sample Bait TAD

Example Run m

Step 3 : Choose a Bait & TAD calling option

» Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)

) IMRS0, in-situ Mbal
0 K562, in-situ Mbal
O KBM7 cell line
[ KBM?7, in-situ Mbel
O Left Ventricle
) Liver
| 8 NGap prostate cancer cell line, Bglll |
O Lung
' MCF-10A
[ MCF-10A BRG1 shRNA
) MCF-10A scramble shRNA

O MCF-7 I Click button to add sample I =
> Input bait » Interaction range » TAD
Bait: | chr1:60000000 Mb ~ DI (window size = 2Mb) v

{Ex. CROCCP2, chr22:27141000, rs42)

Add sampie{s) Remove sample(s)

» Selected region(s)

(] Sample Bait TAD
O LNCap prostate cancer cell line, Bglll chr1:60000000 DI (window size = 2Mb)

Example Run m
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Step 4 : Run Module

Interaction table Interaction visualization Comparative interaction visualization

» Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)

O IMRIO, in-situ Mbal

[ K562, in-situ Mbol

O KBM7 cell line

0 KBM7, in-situ Mbel

[ Left Ventricle

O Liver

LMNCap prostate cancer cell line, Bglll
O Lung

[ MCF-1DA

) MCF-10A BRG1 shRNA

[ MCF-10A scrambfe shRNA

O MCF-7 v
» Input bait > Interaction range > TAD
Bait: | chri:50000000 2Mb ~ DI {window size = 2Mb) v

(Ex. CROCCPZ. chr22:27141000. r=42)
» Selected region(s)

O Sample Bait TAD
(m] LNCap prestate cancer cell line, Bglil chr1:60000000 DI (window size = 2Mb)

Example Run mg

Step 5 : Adjust the interaction visualization

LNEap prontais: cancer ool line, Bl
Zemin | amx | m Temos |18 x
—
tescrap resaiunen (30000 wep [ Refes |
S —

Interaction frequency heatmap with topologically
associating domains(TAD) annotation.

S b

One-to-all interaction plot

P TI VWYvi's “jLﬂ‘J‘ 1] SRV TP 1

Arc-representation of significant interactions

Gene annotations

= i e S W Description of selected interaction
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Step 5a : Adjust the heatmap resolution

LNCap prostate cancer cell line, Bgill

e N TN
Zoomin 1.5X | 3X Zoom out 1.5X 3X ]

L Refresh
Click to apply the
adjustment

I Adjust the resolution of heatmap. I

Step 5a : Adjust the heatmap resolution

= =
Zoomin 1.5X 3X | Zoom out 1.5X 3X
Heatmap resolution | 40,000 v |bp Refreshl

B

4] 10 20
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Step 5b : Adjust the heatmap color range

LNCap prostate cancer cell line, Bgill

Zoomin 1.5X 3X , Zoom out

Heatmapggresoiution

1.5X

I Drag the scroll bar to adjust the color range I

Step 5b : Adjust the heatmap color range

) e
Zoomiin 1.5X 3X Zoom out 1.5X 3X |
Heatmap resolution (40,000 v |op [Refresn)

B ]

L] 10 20
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Step 5 : Adjust the interaction visualization

ICap prostate cancer cel

LNCap prostate cancer cell line. Beill

Zoomin |__1.5% 3 Zoomour __ 15X ETS

Hasmmas ressiuon (B0 % ]se
e

0 10 20

Zoomin |_ 15X x Zoomout |_1.5X x
Heatmap resolution (40000 % |op

10 20

Adjust the fold-change criteria

frequency]

-removed Interactio
e, 5,
e %

58.200,000 55,200,000 58,600,000 60.000.000 60,400,000 60.200.000 61.600.000 62.000.0:00
| | | | | | |
20.0 —] — 4.0
— 3.0
10.0 -
vl - R =
L G SS— I . T L N —
- ol : il bbbl o 1
Drag the scroll bar to adjust fold-change

criteria for arc-representation

T

=
Z
=
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Adjust the fold-change criteria

58,000,000 58,400,000 58,800,000 59,200,000 55,600,000 60,000,000 60,400,000 60,800,000 61,200,000 61,600,000
| | | | | | | | |
el 0,000,000 ) : |-
Distance normalized Interaction frequency : 3.01 .

5 ) E—
00— —20
" 10

A R T e e :
o b 1 i I I |

(Bias-removed Interaction frequency] [Distance normalized Interaction frequency)

After adjustment, some arcs are
not visualized any more.

Description of identified interactions

58000000 53400000 58200000 59,200,000 59,600,000 60.000000  60A400,000  E0B00000 61,200,000 61,600,000 62,000,000
| | | | | | | | |

—_— 0,000,000 ) ' - | —

Distance normalized Interaction frequency : 3.01 .

0.0 —
T R L SO 7 YT R fr o
oo b M at Ly ol
{Bias-removed Interaction frequency) {Distance normalized Interaction frequency)

Click the arc to check brief explanation of corresponding interaction

No. Chromosome Start End Gene Name Locus

If you want to see the results, click on the arc.
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Description of identified interactions

- hg328 : | chr1:52,00 -
58,000,000 S&.400,000 S&.200,000 55,200,000 55.600,000 60,00 60,800,000 61,200,000 61,600,000 62,000,000
| | | | | | |
20.0 — 0.000.000) —a0
Distance normalized Interaction frequency - 3.01 .
§ 3
0.0 — —20
—1.0
S M s e e s
co b 4 bl i i | oo

(Bias-remaved Interaction frequency)

(Distance normalized Interaction frequency)

Start End

Chromosome

1 chril 61975000 61980000

Gene Name

Locus

Browse interaction frequency w/o change the bait

52,000,000 5E.400,000 58,200,000 55,200,000 55,600,000 60,000,000 60,400,000 60,200,000 61,200,000 61,600,000 62,000,000
| | | | | | | | |
20.0 — 0.000.000 ) |40
. = i . R
-mp m | . I ‘
- ¥ : o .
B % # + » Distance'normalized Interattion frequency : 2.00 2
L : = V: i i — 1.0
S R S SIS ‘ : l
: = el
o bl bwd a4 ll.u i i b
P emived Interatn e ] : Click on white space of the graph and drag horlzontally towards the desired
" N “
- N

direction to shift visualization range without changing the queried loci

" \%&% S ., %
AN g
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Browse interaction frequency w/o change the bait

61,130,000

57.130,000 57,550,000 57.930.000 58390.000 58,730,000 59.150.000 59,590,000 59,530,000 60,390,000 60.790.000
1 | 1 1 | 1 1 | 1
—40
00— 60,000,000 )
—3.0
tance normalized Interactén frequency s 2.00
10.0—] = a .
2 + —1.0
R S e N, L
— =L RO
oo Ld i Lui

(Bias-remaved Interacion frequency)

Adjust bait without resubmission

52000000 58.400.000 583.800.000 59.600.0 60,000,000 60,400,000 60,200,000 £1.200,000 61,600,000 62,000,000
| | | | | | |
A
S ( 34000 ) 40
) —3.0
- . Distancenarmalizad Interatrion fraquengy - 200 |
S SR S e . | To select other loci as the query, click the red bait indicator
i i T | b4 oa | l‘““- and drag to the loci of interest.

A al

{Bias-removed Interacti

uency

TDStanCE NOTTNANZEs INLETSCnan TEquenty!
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Adjust bait without resubmission

58,523,000 58,323,000 59,323,000 58,723,000 60,123,000

60,523 000 &1 5-_"|3.IJC::' 61,723,000 62,123,000 62523030

| | | | | |

30,0— —&0
—5.0
20.0— —4.0
; —3.0

Distance normalized Intaraction frequency 1 2.00

100 — : 4 ; an .
‘

R IE e A I —10

F __..__-T...._l_-____u. -
00 14 “ A il oo

(Bizs-removed Interaction frequency) [Distance normalized Interaction frequency)

Module 3 : Comparative Visualization

<

& 4" - g #2 . :
GBSO Sl LA A T i )
PANDPL TS ‘.".g.' PO S RGN A IS Y A S, SO N
58.000000 58400000 58800000 50200000 59,600,000 60.000000 60400000 60800000 61200000 61,600,000 62000000

‘stom col

H1 Embryonic Stem Cell

-]
°

Bias-removed

interaction frequency

Now

s ©
Aauanbay uogoesaiun
pozjeULOU-80UESIQ

00
10
00 00
H1-ESC lsupor-enh-neer 1 '
H1-ESC super-enhancer 2
H1-derived Mesenchymal Stem Cell
50

PN
o o
Aouanbay) vogoesaiu)

pezieuLIcU-aUEISIq
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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

<
¢ ’ M ‘) A fibroblast
SSC o

Msc\ {;‘1(7

-

Differentiation potential

precartilage

condensation ‘g ¥

chondrocytes

time

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

Step 1 : Open Comparative visualization Module

3D-genome Interaction Viewer

ID1Y and hg19 Hi-C  CaptureHi-C  Cancer Hi-C  Statistics  Download

Tutorial ~ Contact Us
database

Interaction table Interaction visualization I Comparative interaction visualization I

> Choose sample(s) Q

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Type > Sample property > Condition > Sample
Choose... v Choose... v Choose... v Choose... v
> Input bait > Interaction range
Bait: 2Mb v
(Ex. CROCCP2, chr22:27141000, rs42)
> Selected region(s)
Sample Bait

=2
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Step 2 : Choose a sample

3D-genome Interaction Viewer

spiy 2"

d hglo Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us
—— database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search
HAF (near-napioio cell Iing)

HAP1 (near-haploid cell line), S5C Knock Out

HAP1 (near-haploid cell line), WAPL and S5C Knock OUT

[ HAP1 (near-haploid cell line), WAPL knock Out I Click to load the list of Hi-C experiments I
0 HEK293T (embryonic kidney cell line), transfected with dCas3-VPR targeting the exonCrer OO e Sc o Peane,

0O HEK293T (embryonic kidney cell line), transfected with dCas9-VPR targeting the promoter CTCF binding site of
Pcdhaiz

O Hippecampus

O HTBE (human tracheobronchial epithelial cells). infect active HSN1 influenza, infection time 6hour
O HTBE (human tracheobronchial epithelial cells). infect active HSN1 influenza. infection time 12hour
HTBE (human tracheobronchial epithelial cells), infect active HSN1 influenza, infection time 18hour
HTBE (human trachecbronchial epithelial cells)., infect mock. infection time 6hour

O HTBE (human tracheobronchial epithelial cells). infect mock, infection time 12hour

> Input bait > Interaction range

Bait: 2Mb "
(Ex. CROCCP2, chr22:27141000

Step 2 : Choose a sample

3D-genome Interaction Viewer
hg19 Hi-C  CaptureHi-C  Cancer Hi.C  Statistics Download  Tutorial  Contact Us
spiy and g
==~ database

Interaction table Interaction visualization Comparative interaction visualization
» Choose sample(s)

Choose sample(s) by characteristics Choose sample

y search Choose sample(s)
L UTURIGS UL RL- 2322 ] UBAGTIELGSUTIE 2411

O fibroblast(CRL-2522) dexamethasone 32h

O fibroblast{CRL-2522) dexamethasone 40h

O fibroblast{CRL-2522) dexamethasocne 48h

O fibroblast{CRL-2522) dexamethasone 56h

0 GM23248 (primary skin fibroblasts .
H1 Embroynic Stem Cell | CIICk to Choose sample
H1 Mesenchymal Stem Cell |

O H1 Mesendoderm Cell

O H1 Neuronal Progenitor Cell

O H1 Trophectoderm Cell

0 H9 human Embryonic Stem Cell Line, Heat shock condition

0 H9 Human Embryonic Stem Cells =

> Input bait > Interaction range

Bait : 2Mb
(Ex. CROCCP2, chr22:27141000, rs42)
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Step 3 : Choose a Bait

Interaction table Interaction visualization Comparative interaction visualization

» Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose samplefs)
L HUIUDIaB LU RL-£3££) UCAAIIELIASUNE 2411
O fibroblast{CRL-2522) dexamethasone 32h
[ fibroblast(CRL-2522) dexamethasone 40h
O fibroblast(CRL-2522) dexamethasone 48h
[ fibroblast{CRL-2522) dexamethasone 56h
0 GM23248 (primary skin fibroblasts)
H1 Embroynic Stem Cell
H1 Mesenchymal Stem Cell
O H1 Mesendoderm Cell
O H1 Neuronal Progenitor Cell
O H1 Trophectoderm Cell
O H9 human Embryonic Stem Cell Line, Heat shock condition
0 H9 Human Embryonic Stem Cells o

> Input bait > Interaction range

Insert ID of Gene/SNP or genomic coordinate I

Remove sample(s)

Click button to add sample I

Add sample(s)

> Selected region(s)

o Sample Bait
G] H1 Embroynic Stem Cell chr1:60000000
o H1 Mesenchymal Stem Cell chr1:60000000

Example Run m

Step 4 : Run Module

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
L HUIUDIAS LU RL=2324) UEKAIIEUIASUNE 2411
O fibroblast(CRL-2522) dexamethasone 32h
O fibroblast(CRL-2522) dexamethasone 40h
O fibroblast{CRL-2522) dexamethasone 48h
[ fibroblast{CRL-2522) dexamethasone 56h
0 GM23248 (primary skin fibroblasts)
H1 Embroynic Stem Cell
H1 Mesenchymal Stem Cell
O H1 Mesendoderm Cell
O H1 Neuronal Progenitor Cell
O H1 Trophectoderm Cell
0O H9 human Embryonic Stem Cell Line, Heat shock condition

[0 H9 Human Embryonic Stem Cells &
> Input bait > Interaction range
Bait: | chr1:60000000 2Mb v

(Ex. CROCCP2, chr22:27141000, rs42)

A mple(s) Remove sample(s)

» Selected region(s)

(] Sample Bait
2] H1 Embroynic Stem Cell chr1:60000000
o H1 Mesenchymal Stem Cell chr1:60000000

Bxample Run
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Step 5 : Adjust comparative heatmap

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

b ettt = et Mo hishe e

I o ) I Arc-representation of significant interactions in 15t sample

i E 3 I Arc-representation of significant interactions in 2" sample
— -

RefSeq Genes and super enhancer annotations

Description of selected interaction

52,000,000 58,400,000 58,800,000 59,200,000 59,600,000 £0,000,000 60,400,000 60,800,000 1,200,000 1,600,000 62,000,000
| | | | | |

60.000.000 )

—20 /
\

Distance normalized Interaction frequency: 1.76

o
00—k 0.0
Bias-removed Interaction frequency) (Distance normalized Interaction frequen
0.0—]
20

\

0
oo 0.0
(Bias-removed Interaction frequency) (Distance normalized Interaction frequenWig

I

IE 33042
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Step 5b : Adjust the heatmap color range

I H1 Embroynic Stem Cell n H1 Mesenchymal Stem Cell —
e e
L =4 3X

Zoomir@% S NA |
Hea esolution | 2
0

¥ v
v 23
v ‘.\.\
Ry ¥ 4 ;,} A ?;’" '
. ‘ "’\ ‘, ”p’\:' : 2oy v 4},:‘ Eq‘i v -", s A o
PN KER7 52 3 ISR o A .‘.. TR PR e 8 '#A’m‘:.»}_
he3R -1 rhr1 58 257 DNO-A? 752 N0

Step 5b : Adjust the heatmap color range

I cliaiabiny patio s n T —

T T
Zoom in 1.5X l 3X | Zoom out 1.5X ' 3X '

Heatmap resolution|20,000 Vlbp | Refresh |
N ) E— |
-2

0 2

8 : ( chr1:58,000.000-62,000.000 )

- 83 -



Step 5 : Adjust comparative heatmap

Cancer Hi-C Analysis
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The impact of large scale structural variations to cancer 3D genome

Genomic Deletion

Promoter

Hi-C pattern “" Enha NCeL.—=--

AB CD e £

Breakpoint

Normal TAD M | Deletion

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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Module I. Pre-called SV and 3D genome

Sample | Chrom! | Breakpoint! | Chrom2 | Breakpoint2 | SVtype | Orientation|
14-4427 chrb chrb INV 3to3
14-442T7 chré chré 5 INV 5to5S
14-442T7 chrb 75343990 chré 125216780 DEL 3t05
Showing 1 to 3 of 3entries @ Previous . Next
Click SV to visualize
-
v
Sample SNUCRC_14-442T 500kb
- Color scale
1 1
0 1867

10Mb

SNUCRC_14-442T 500kb
Color scale
[—

0 295

SMb

135Mb

Ruler ¥ chr6:125216780~ 1500000 00
(25Mb)
l | R '
S e i o R AR
S A R A ST A AT

O DEL  £3INV £ TRA £¥TanDUP £ invDUP)

Select SV type 10Mb

chr6:60Mb-150Mb :
v
500kb
SNUCRC_14-442T Color scale
‘Sample ) o 5
o i i
0 1867
SMb

Hi-C contact map
after deletion

Heatmap
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Module Il. Interactive 3D genome manipulation

ODEL NV £TRA LTanDUP £ InvDUP

@ v
Apply other SV type sequentially SNUCRC_14-442T 500kb
Color scale
2 . Q)
~Sample ) | !
Gt 0 1867

S5Mb

ieatmap)

. Hi-Ccontact map
. afterinversion

Chromothripsis

Copy number
l
I

Single catastrophic event l

T e S a9 m
Aberrantrepair 2

— geleltion
== icati
03 EE HE knvesslon
lost fragments — TT Inversion
,ll-:D
o _HH
-8 7 T
LE ¢
E E 1 b r
- 3 [ 6X) o
— |
(7] ﬂ_ B W = o ¥
UJ 0 1 s A4 IF- = w0
ol r —
0 20 40 60 80 100 120 140 (Mb)

Complex forms of large-scale structural variations
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Module lll. Complex SV and 3D genome
chr19:1-11064109;chr17:7858769-83257441
FELLD 2 chr20:1-17070762;chr19:14867959-58617616
E chr17:1-6643610:chr20:18560020-64444167
: v
s
: Run
Der] 71
Der1 90, e
Der2000 ® [ |
(:jSaT-npl?,n SNUCRC_11-927T c3295'§5’|e
(1
0 437 ana
chr1? ;9 chr2o
Module lll. Complex SV and 3D genome
SNUCRC_11-927T 500kb
Color scale
(I) | I
0 437 874
el g | Y Weight scor

a '/\\'* I I

("‘ ., \‘
Py 'f,/ 5 /> 0 15 30
-‘\ 7
" o - ‘\ //
", M,

chr20

chr1?7 chr28
— : S — < g
11.00Mb 75.50Mb 17.00Mb 44 00Mb 6.50Mb 45.50Mb

Der20

Der17
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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

KSBi-BIML 2022

covNorm R package tutorial

covNorm= & &%t Hi-c 24 A&
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1. Installation

- R(covNorm &) I} Python (A 243} & 2A0) MX| EQ

- YEXE LHE2 Anaconda2 (5.2.0) 2| Python 2.7.15/3.8.10 X} R 3.4.3
§I_7=| O-”A-I Al-Q_EI

- J=S| R/Python versione HE ZQ

{7[X| | &g =M 2d 7ts 2

oL SY HHENM=

rir

1. Installation: R setup

- B LROMO[EE W7 XY 2K

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

- HFE2: conda BHEO|A & X| (Anaconda2 5.2.0)

conda create -n r-env r-essentials r-base
conda activate r-env

conda install -c anaconda libopenblas
conda install -c r r-gplots r-corrplot r-gmm r-mvtnorm
conda install -c conda-forge r-propagate r-fadist r-tmvtnorm

- Rstudio 2X| 7|5 AHE 75

68
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1. Installation: package install

- HFH 1. Git clone & R CMD £ build/INSTALL

git clone https://github.com/kaistcbfg/coviormRpkg.git
R CMD build covNormRpkg
R CMD INSTALL covNormRpkg 1.1.8.tar.gz

- B 2: Rdevtools TH 7| K| 2 ZS0oAM HEHo A

devtools::install_github(“kaistcbfg/coviormRpkg™)

- AX| 0|2 E£&0f|M library(covNormRpkg) 2/ & A| 0|21 Q10| S &
FETJI AL O{OF &t

69

1. Installation: Python setup

- Python I§ 7| X| 2| A< anaconda & X| A| numpy, matplotlib 0| AR
X[ A= m|n|conda°| 4 F7HEX ER
o A j(l lLl«A\

- numpy, matplotlib, gzip, argparse, pickle = =
name> S AX| HAE

. import <package

- EUHEXIE A AE AR Al pysamDt hmmlearn TH7 | X| 2 Q (=S
A
=

- pip Lt easy install, conda S22 &X| 7t5

70
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2. Input data

BAM It Z=H|. 3DIV I}O| Z 2} QI ALE.
https://github.com/kaistcbfg/3divv2/blob/master/hic pipeline/Normal proc
PBS.py

BWA E fastq_1, fastq_2 I}'¥ ZfZt mapping & chimeric read filtering.
Filtered read € paired = merge o 2 self ligation read | 1.
Picard Markdup 2 2 PCR duplicate X|7{ & samtools index.

Inter-chromosomal (frans-) interactionS 24 5}X| %S AL self
ligation} Z 0| trans read K| 7

71

2. Input data

coverage 7:” AI_I-

Bedtools 2| coverageBed & sortBed = A|4t. Bin I Y2 bed format2 2 AL
AH M
o o
coverageBed -counts -abam <bam file> -b <bin file> > <coverage file>
sortBed -i <coverage file> > <sorted coverage file>

coverageBed2| 8% bam Lt 80| 2 Z2F 0| =2
https://github.com/gorliver/pyCoverage pyCoverage AFEA| HE ALt 75
pysam I 7| X| X E Q.

40kb bin file example

pyCoverage.py bam sorted.bam interval.bed 8 > interval.cov E:ﬁg 20080 ;‘2333
chrle 80000 120000
chrle 120000 160000
chrle 160000 200000
chrl@ 200000 240000
chrl@ 240000 280000
<bam file> <bin file> <thread_n> chrl@ 280000 320000
chrld 320000 360000
default 40 chrl@ 360000 400000|
chrle 400000 440000
chrle 440000 480000
chrle 430000 520000
chrl@ 520000 560000
chrle 560000 600000
chrld 600000 640000
chrl@ 640000 680000
chrle 630000 720000
chrle 720000 760000 72
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2. Input data

- covNorm Y= QIS AM= Otz tabled} Z 0| formatting (gzipped) E 2.
- Row 12 column name (tabled} = 25l OF 2t).

- frag1, frag2 = interactionSt= 5 bin.

- cov_frag1, cov_frag2 & frag11} frag2 bin2| coverage.

- freqe= F binQ| interaction frequency (bam Lt 2| read %)

- dist= & bin2| genomic distance2| = CHZk.

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 20 33040000
chr17.140000.160000  chr17.83200000.83220000 2296 778 20 83060000
chr17.160000.180000 ¢chr17.200000.220000 2119 2253 12,0 40000
chr17.160000.180000 chr17.220000.240000 2119 1744 9.0 60000

http://junglab.kaist.ac.kr/Dataset/GM19204.chr17.cis.feature.gz

73

2. Input data

Feature Of|A|
Interaction read 57H

chr17:0.20000 chr17:280000.300000
(bin coverage 1500) famm———4 (bin coverage 2000)

bin 72| 280kb ‘

fragl frag2 cov_fragl cov_frag2 freq dist
chr17:0.20000 chr17:280000.300000 1500 2000 5 280000

Zero frequency bin (freq == 0)2 row0fl 7t A& E|X| &S

74
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3. Normalization

Hi-C bias removal
by coverage fitting

final_df <- covNormRpkg::contactPval(dist df, 'fit.pdf")
print{"7: significant interactions called.™)

#uncomment 'saveEachChr' to split-save file for each chromosome.
#covNormRpkg: : saveEachChr(final_df, "./outputFolder”, "outputSampleName™)

By= Vel GGG+
y! g
25 2 S 20
55 3 3 )
c E T = 15 Density (k)
ae E g s
Lo 2 210 i3
T g @ 1
5 @ g .
o s 8 5 - -
c o ] - .
52 2 z . .
2o 0.
Ao
0 05 1 15 2 0 05 1 15 2
DNA fragment genomic distance (Mb) DNA fragment genomic distance (Mb)
loglu) = Go+B105 (Ry+ave(Rg))/ (Ei+ave( Ry))
GM19240 chr4 GM19240 chrd
Fitting values < 2-fold of expectation Fitted parameters applied to all data
o 2 — Estimated 20 — Estimated
=
= s 5
= £ &
E=g] 21 — 210
58 4 3
wv E 0. 05
£ 0. 00
45 -0 = 0 1 2 3 4 5
Distance normalized value Distance normalized value
75
- o
3. Normalization
library( ' covhormRpkg ") —
args <- commandArgs(TRUE)
file name=args[1]
=  Load data
raw_data <- read.table{gzfile(file name),head=TRUE)
print{"1: Data Loaded.")
raw_data_filter <- covNormRpkg::filterInputDF(raw_data) -
print("2: Data Filtered.") —
cov_result <- covNormRpkg: :normCoverage(raw_data_filter)
cov_resultfcoeff covl
cov_result$coeff cov2
cov_df <- cov_result$result df . .
write.table(cov_df, file=gzfile("outFileNamel™), row.names=FALSE, col.names=TRUE, sep="\t", quote=FALSE) # .- Coverage norma“zatlon
print{"3: Coverage normalized.™)
covNormRpkg: : checkFreqCovPCC(cov_df, outpdfname='QCplot_coverage PCC.pdf")
! covNormRpkg: : plotCovNormRes( cov_df, outpdfname='QCplot_coverage heatmap.pdf')
E, print("4: Plot coverage normalization results.™) —
—
il
l' dist_result <- covNormRpkg::normDistance(cov_df, max_dist=2000000)
dist_df <- dist_result$result_df
print("5: Distance normalized.") - Dist lizati
Istance normalization
covNormRpkg: : checkFreqDistPCC(dist_df, outpdfname='QCplot_dist_PCC.pdf')
covNormRpkg: : plotDistNormRes( dist_df, outpdfname='QCplot_dist_hexmap.pdf')
print{"6: Plot distance normalization results.™)
—

Significant interaction calling

Save result

write.table(final_df, file=gzfile("outFileName2"), row.names=FALSE, col.names=TRUE, sep="\t", quote=FALSE)

76
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3. Normalization

- coverage Normalization 1 &%, & bin2| coverageE GLM fitting SH
-8t expected value CHH| fold change & Al £t cov_result H =0
ISESH

cov_result <- covNormRpkg::normCoverage(raw_data_filter) f

- Interaction frequency 7| CH 4} (u) O| Negative binomial 2 £ & [} =2
coverageOfl CHSt 7| CH 2t 2 fittingSHO] parameterE &&=
A 20| B2 Vs
]Dg(‘l,!}gj) = bn + bl(Ct) + bg(CJ)

- coverage/} L =2 bin 2| B 442 XI7H8HA row M7 7ts. default

200. Self-ligation, 0 bin, trans-read &= A ZHE 7t=
raw_data filter <- covNormRpkg::filterInputDF(raw_data)

- cov_result®| result_df H=E cov_df Ol & (& Al normalization =
O| O E1). coeff_cov1dt coeff _cov2 Zt coverage2| fitting coefficient.
cov_resulticoeff covl
cov_resulticoeff cov2

cov_df <- cov_result$result df
77

3. Normalization

coverage Normalization 21t S| Ad: cov_df2| B2 feature data.frame
Fofl 371 Z & =7t

rand  exp_value_capture  capture_res

rand: '=F==. coverage 11} 29| ) |
shuffleOfl AtE. 77 2.0625 2.9091

exp_value_capture: 5 bin2|

coverageE 11249t A2 interaction 47 1.049 1.9066

frequency2| 7|CHZk.

M =
capture_res: residual. freq=
exp_value_capture £ L7 & 2t 38 1.7874 0.5595
(normalized frequency).

40 1.6197 0.6174

84 0.7842 1.2752

Rij = KjfEXp{f;D + 5;1((3%] + b}(Cj))

4

capture_res
freq exp_value_capture
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3. Normalization

- coverage normalization O| 2 distance-dependant background X| A Z
25l normalization A &. coverage normalizationd}t FAHSHA| NB
BxEmzs 7|y ﬂIE genomic distanceOf| CH St fitting @ = A| AL,
log(ui;) = bo+b1(Di;)

- normbDistance &0 cov_df Y. 278 HE| O| &0 A= Hi-C
MBIt 2 =S| 0 max_dist O| LH (2Mb AFE) interactionOf|
CHSH A 2t normalization 218 =] (LFH X| row= drop).
coverage_normalization2} & 2 St dist_result= coeff2f
result_df£ T &.

dist_result <- covlormRpkg::normDistance(cov_df, max dist=2088888)
dist df <- dist result$result df

- dist_dfe| 42 cov_ df2| F Ol column 27 =7}HE!. exp_value_dist:
S dist2| 7|CHZY, dist_res: normalized frequency.

exp_value_dist

1.7021

1.6201

0.7307

0.6794

1.3979

79

dist_res

1.4464

1.1093

0.9346

0.9287

0.9489

3. Normalization

- Distance normalization O| % interaction2| significance2t FDR A| At
7}&. 3-point Weibull distribution fitting= =5l p-value2t FDR A| At

- dist_dfE 8 2 AW Al data.frame2L 2 Z1t EH. (fit.pdf’ =
fitDistr I 7| X| Of| M X}-5’dd E| = figure O| & XPEB'. HNE=
AESHA] B2
final_df <- covNormRpkg::contactPval(dist df, 'fit.pdf")

- OutlierOf| (7|CH&f CHY| > 2-fold) X & Bt 24
0|5t2| 2= 2 Tt fitting S} O parameterS
o= m2to| B 2 20l 3p-weibull =20
p.adjust 2F<=Z FDR A|4AH df Off 2 F=7tH&

Q

HH HlolH S

r=y
A =
olo =
— T
o] 20 p-value A2t RO

OHL rlo

p_result_dist ~ FDR_dist_res

(o3
GM19240 chr4 GM19240 chr4
Fitting values < 2-fold of expectation Fitted parameters applied to all data 0.053347 0.709688

— Estimated

20 =sEetmated 0.237543 0.945149

15 0.475677 0.948673
— I 0.486306 0.948673

0.5

0.0

————— 0.450677 0.948673
05 1.0 15 20

Distance normalized value Distance normalized value

Density

ssign ot 7| $/3H 2-fold
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3. Normalization

- Coverage normalization QC

=} coverage (cov_frag1, cov_frag2)0l dependent ot
l‘f7 f Lt ™ OFEl (fitting Ol 21). coeff_cov1t coeff cov2E
QI5to] Hl =gk 2= 7HX=X| M2

Jobmy N

- Coverage/l =2 4% 0:|E1 & 21 (bias)Of| °|0H S bin2|
interaction frequency7f =. Normalization & coverage-interaction
frequency?t correlationO| Z+ 23 OF BF

- RO|AM cor &%Z correlation (Pearson’s) 8|3 7}5.
capture_res”| freq £ Ct PCC 4t0| ZEA5l0F H 4t

cor{dficov_fragl, dfifreq)
cor{dficov_frag2, dfifreq)
cor{dfscov_fragl, dficapture_res)
cor{dficov_frag?, dffcapture_res)

81

3. Normalization

- Coverage normalization QC

—_

- covNorm R packageOl| A| = coverage normalization TN Z 1} A| 2t}
X| & (coverage sorted heatmap & corrplot)

4

covNormRpkg: : checkFreqCovPCC(cov_df, outpdfname='QCplot_coverage PCC.pdf")
coviormRpkg: : plotCovNormRes( cov_df, outpdfname='QCplot_coverage_heatmap.pdf')

£ 5
o o & @
o & o
Fo & EF A48
L Ao O )
R A Aot ol
@ Sl ST &
s LRV LoV o
<
Total interaction Foquoncy L
— .
0 4000 800D Ha\;v interaction 9.8 =
e BNC! L5
requency 06 g
Raw interaction 0.4 L
o
DNA fragment 1 5
bin coverage / 0.2 ®
[
8

- o
DNA fragment 2 0.2 <
bin coverage &
=04 5
-0.8
Coverage
normalized value -0.8
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3. Normalization
- Distance normalization QC

- Distance OtXt7HX| 2 normalization (dependent background
removal) & correlationO| ZH 2~ OF 2t

- Rcor &2k =0l 7Hs8lH SAISH A Zt3t A E K& (distance-
value plot & corrplot)

covNormRpkg: :checkFreqDistPCC(dist df, outpdfname='QCplot dist PCC.pdf")
covNormRpkg: :plotDistMormRes( dist_df, outpdfname='QCplot_dist_hexmap.pdf')

100 25
. —
E g 20 Coverage 5
275 E normalized value L
B B b T
o
% &S 15 Densi e
Es0 E k]
[+] =
= 2 @
§ g 10 DNA fragment e
P 3 5 . distance g
o 25 g 5 ..- - . -0.2 .E
- . -04 2
| b
0 0 Distance -0.60Q
O 500 1000 1800 2000 O 500 1000 1500 2000 ormalized value
DNA fragment genomic distance (kb) DNA fragment genomic distance (kb)

3. Normalization
- p-value and FDR QC
- FDR A4t = 2o RXE 7L A A &2 (exponential) X & LI =X

21Ol FDR < 1% 2| threshold £ significant interaction & 2|, ol &
interaction= 2| genomic distance’| unbiased &| A =X| =2+Ql.

" GM19240
GM19240 all interactions GM19240 (FDR < 100%) s‘gnqg%g mt?g?fﬁons

< 1%)
250k 300k - a0k
200k 250k 25k

200k -
g 150k g g 20k
g S 150k+ E 15k
Emﬁk E 100k~ I 10k
50k 50k 1 5k
0
o r T T T T 1 0 - r T T T T 1 U' DIS 1' 1I 5 2‘ (Mb)
00 0= U4 06 08 0 S D'.4 os e 10 DNA frag-ment genomic.dislance
p-value False discovery rate
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4. Visualization

- A AU coverage normalization 21t df S
“GM19204.chr17.covnorm.gz” £ X 72,*

- Ofg2ff ZE A (It O| /82 HES| W) Al pdf 2
QEZI Z2 figure M

import numpy as np
SRS AL 0 500 1000 1500 2000
matplotlib.use( Agg')

import matplotlib.pyplot as plt
import gzip

chromosome_size = 83257441 #hg38 chri?
resolution = 486080 # 48kb
bin_length = (chromosome size/resolution) + 1

500

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

f = gzip.open('GM19248.chr17.covnorm.gz') # coverage normalization result file
f.readline() #header
for line in f:
line = line.rstrip() 1000
linedata = line.split('\t")
binl = int(linedata[e].split(".')[1])/resolution
bin2 = int(linedata[1].split(".")[1])/resolution
freq = float(linedata[8])

contact_map[binl][bin2] += freq 1500
contact_map[bin2][bin1] += freq

#
£.close()

s fig = plt.figure(1)
ax = fig.add subplot(111) 2000
cax = ax.matshow(contact_map, cmap=plt.cm.Rd¥1lBu r, vmin=8, vmax=5)

fig.colorbar(cax)
plt.savefig("HiC_contact_map.pdf",

dpi-1000)

4. Visualization

- Hi-C contact map, normalization Z 1}, genome track 4
software & & &S| &g Al of2iet Z2 figure dd 7ts.

coverage normalized

distance normalized

<0g10(p-value)

UL S e | L
Fax1 LDLRAD3 RAG1

LIS | ' i-l l- [ &t II‘IIII
ABTB. EHF

A\

86

- 99 -



5. Further analysis

- Fitting”| 2t normalization2| 4% 02| &7F 0| A2 L} data pointZt ;r‘l- |
DESHH BS A2 (very high depth) fitting AI7+OI Q2 Helchs chy
=X,

|:|0|E1 £ “MA5|” sampling S A fittingdll =

- “HOIH7 2% 39" €%
| =2 grgof 24 BiCh 7%"* 7ts.

= HOlEe

- covNorm?2| & coverage/distance normalization 2t 0| A| subsample
fitting 7| S XS . sample_ratio I 2t0| E{ Off sample ratio & =i Al AHE
(defauItE *f% 9_*?:.*)

- Subsampllng 5' I31|0| E1E flttlng parameterE Aitet 2 5
parameter= T data point0fl HE & (HIO|H &4 gQl3).

87

5. Further analysis

- Subsampling H| 20| H|2|5}0] AlZh 2
- =2 depthOi| A B0| subsampling F-|-—. 2 0| &l parameter2| variance =7}
- Benchmark G| O] E1 0| M= 50% 0|2t subsampling £ E variance 24 7.

-

- Sample2| depth2t computing resourceS 1245t =& A%,
G Tae0 5% (18.07.552)
w0 —_— ] ——
= e
_5
80l - £ —_
t i
— 3 | ———
 cmmamm— z —
Orignal  99%  70%  50%  30% Onginal  90%  70%  50%  30%
09907
5951 01985 = * *
| — =e==E5 -l
i 0.9757
0.8704
Original ~ 90%  70%  50%  30% Original 0%  70%  50% 30%
Low depth High depth 88
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5. Further analysis

- DI score A At

- S & binQ| up/downstream bias 5

- £7 bin0| A window B 2|2t up (A) It down (B)| map E! read H|

- Domaln9| 7471! INES 01I*1 +/- 7b WA}

- Dixon et al. =& (Nature, 2012)0| x| = GMM & HMM2 £ chromatin stateZ
=8 TAD ™| (DI-HMM)

o= (B) (% + )

—— T E = (A+B)/2

t
TAD boundary

89

5. Further analysis

- DI score A4t

- pyDlcalc githubOf| A clone. (https://github.com/kaistcbfg/pyDlscore)

- covNorm outputdt =L 15 7ts

python pyDlscore.py --input-file <covnorm.gz> --chrname <chrname> --fai-file <fai file>

Z 1t bed format2 £ & . chrname, bin_start, bin_end, DI_score

- R O|A DI_scoreE barplot2 2 =

90
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Summary

- coverage/distance Of| CH®F normalization 5! QC 7|& X1|—T'-
- Fitting 7| 22| R ATt HA = Hi-c 2| 01|5 capture Hi-C & variant & &0

e Jts

-1 0 o .
- Data filter§E significant interaction calling 7} X| 2 {7 | X| 2 =& 7}5.
- Subsampling 7|52 0| &%l scalability.

- Dlscore & G714 7HH*/7H'=”01|JH SW=1t 2 3Hd

Please check covNorm article for benchmark results.
Tutorial information available at Github

Computational and Structural Biotechnology

Journal
L]_S]_\ ”_R Volume 19, 2021, Pages 3149-3159

covNorm: An R package for coverage based
normalization of Hi-C and capture Hi-C data
Kyukwang Kim, Inkyung Jung 2 &
https://doi.org/10.1016/j.csbj.2021.05.041

https://github.com/kaistcbfg/covNormRpkg o
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