(Single—cell) 3D Epigenome
Data Analysis
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(Single-cell) 3D Epigenome Data Analysis
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Curriculum Vitae

Speaker Name: Inkyung Jung, Ph.D.

» Personal Info

Name Inkyung Jung
Title Associate Professor
- = Affiliation KAIST
b ,
’%‘ ! » Contact Information
2 Address Department of biological sciences, KAIST
4 ] Email ijlung@kaist.ac.kr

Research Interest

Epigenetic gene regulation, 3D chromatin structure, single-cell multi-omics

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
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Gene Regulation

Normal Turn on B Enhancer activity
m Promoter activity

Active enhancers Active Promoter Exon
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Long-range enhancer control of gene expression

10kb
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How does enhancer control distal gene expression?

Nucleus
(4cm)

40km (Genome)

How can we investigate 3D genome organization?

Multiplexed chromatin tracl_nrg High resolution chrgrpgfome fraces
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Genome-scale chromatin traces.
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A multiplexed error—-robust fluorescence /n s/tu hybridization .
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https://www.sciencedirect.com/science/article/pii/S0092867420309405
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How can we investigate 3D genome organization?

Cut with Fill ends Ligate
restriction and mark
enzyme with biotin Nhel

AAGCTT AAGCT|AG(

TTCGAA TTCGA|TC(]

, -
y

Cross-linking —> Digestion = Re-lig

Lieberman et al., Science (2009)
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Multi-layered 3D genome organization

Chromosome Territories Compartments TAD: hundreds of kb Loops: hundreds of kb
several um tens of Mb, 1-2 um hundreds of nm hundreds of nm
Enhancer
Promoter

Model Enhancer
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Topological Associating Domain (TAD)

a basic unit of gene regulation

Shh promoter Shh enhancer

Regulatory domain

Preaxial

polydactyly type2

INSIG1) EN2 | HH-H BBM2S
CNPY1h SHH1

HHHUBESC
DNAJBS "

Architectural '
domain

Boundary Hox gene cluster

e Architectural role of TAD
* Abuilding block of 3D genome

* Aunit of DNA replication, DNA repair process,
heterochromatin homeostasis

* Gene regulatory role of TAD
*  Gene regulatory domain %
* Disease-specific gene expression 1 R\
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Sexton, Cell 2012 from Giacomo Cavalli lab




Inter-chromosomal

Intra-chromosomal

{ Chromosome Territories
several pm

|

Compartments
tens of Mb, 1-2 um

TAD/loop: hundreds
of kb, hundreds of nm
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Loop extrusion (Cell 2014)

)

Dixon & Jung et al., Nature 2015; Leung & Jung Nature 2015; Dahl & Jung et al., Nature 2016
Kim, Nat Commun 2024; Kim, Cell Rep 2023; Lee, Sci Adv 2023; Kim, Nucleic Acid Res 2021; Jung et al., Nat Genet. 2019; Yang, Nucleic Acid Res 2018

Cell-type specific long-range gene regulation
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Yang et al., Nucleic Acids Res. (2018), Jung et al., Nat Genet. (2019)




Research

A gene regulatory element modulates myosin

expression and controls cardiomyocyte

response to stress

We identify and characterize a gene regulatory element essential for regulating MYH6 expression, which

encodes human fetal myosin. Using chromatin conformation assays in combination with epigenome
editing, we find that gene regulation is mediated by a direct interaction betW"“ PONIE mmcl thon ~mbnmnns

R3 active R3 inactive
MYHE 3 MYH6, cs
M3 R3 M3
hg38 Chri4:23,324,329-23 447,678
A Scale ! 1 hg38
GENCODE V46 Chrid: 23,340,000 | 23.360 cm | 233800001 23400000 | 23,420,000 | 23,440,000 |
(31 items filtered out) PABPNT = € SLC2ZATT IL25 b vkl MYHE | MIR2088
ENSGOD000259018 » CMTMS 8 MIR208A R b MYHT
#lib---4 EFS ENSGOO000289973 = ' ENSGOOD00258444 R3
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- [T:] R3 c3 4 v * R3 activity ' MYH6E
5| RveTeF| | i : - *MYHG ’MYH7
5| racter| Ul 1 e .
ATAC iPSC-CM - GSKai3| § o — R —ha N Stressed
ATACIPSC-CM+ GSK3i3| B L R SO W ¢ 1 M3 MYH6
2 ] Ventricular Cardiomyocytes | 8 TR e | - c3
=g Atrial Cardiomyocytes | 8 B — al
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i RV H3K27ac 100 )
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In collaboration with Charles Gersbach at Duke University (Genome Res. 2025)

B

3D genome: a new way to interpret the human genome

Non-coding Protein Coding

~ ~ (~25,000 genes)

<— repeats
GWAS Catalog

The NHGRI-EBI Catalog of publish wide

Examplen: besant carcinoma, aTI9174, Yao, 29371, HESIL. £16000000-25000000

3x10° basepairs

e 247,051 associations as of 2021/2/10

» 136,316 SNPs

* >90% of the SNPs are non-coding

https://www.ebi.ac.uk/gwas/

>>j>




A

(n=1,204) \_

/
GWAS SNPs in perfect LD
with SNPs in DHSs (n=999)

GWAS SNPs not in
LD w/ SNPs in DHSs

GWAS SNPs in DHSs
(r}=2,931)

<)

https://www.ebi.ac.uk/gwas/, Maurano et al., Nature (2012)
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Hypothesis: noncoding variants disrupt cis-regulatory elements
active in disease-relevant cell types

Transcription factors acting at
the cis regulatory elements
largely uncharacterized

The target genes of
annotated cis regulatory

Transcriptional elements remain to be
precisely defined

Factors —]( Target gene

But, the maps of active cis L} Gene products

regulatory elements are still lacking
for most cell types

cRE: cis regulatory elements

)

Contents

1. 2/ E TR INR

2. HME X E SA 2| T M| ZE multi-omics 7HR
3. @AE 3K E OO 247 2
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Single-cell Epigenomics

Droplet barcoding

Lysis
buffer +
MNase

]\

\ O~

Barcode =S

Combinatorial barcoding

Isolated
nuclei

& | Nucleosomal
; fragments

* Commercially available
* Robust

* scATAC-seq

*  sc-RNA/ATAC Multiome

« Customizable
» Highly scalable (104-106)
« RNA, ATAC, HiC, mC, etc

ATAC-seq ¢ Mutil-omics
or * No specialized Instrument
BS-seq
First barcode: Second barcode:
Tn5 tagmentation PCR
Modified from Kelsey, Stegle and Reik, Science 358, 69 (2017
a : b
Isolate nuclei Expose to Tns
(chromatin intact) transposase Transposition into native chromatin

v

Isolate transposed

Sequence and identify
fragments and amplify

accessible regions

ATAC-seq peak

T £ Transcription factors m TnS transposase homodimer
@ Nucleosome ATAC-seq fragment
c Enhancer Promoter
Cell type X

A

Celltype Y

Post-transposition DNA fragment

1‘

Tn5-induced nick

Initial extension
at72°C

Amplification and addition of
barcodes and adapter components

— q
_
Purification of final
ATAGC-seq library
—

T~ _—

Sites of chromatin accessibility
defined by Tn5 insertion

TGTCCCAGATAAGGAGAGGGCAGTGCCACCTACG
Motif for TF B

= ATAC-seq fragment === Tn5 common homology region

= i5-Unique Tn5 overhang

=== i7-Unique Tn5 ove/rhan%
i5 barcode (Ad1) wes |7 barcode (A A

== P7 flow cell adapw. | ¢ /f

mm P5 flow cell adapter
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Single-cell ATAC-seq

Single Cell
ATAC

S/ )®
Single cell @
isolation &

Erna & Dflne
'@‘ ,‘ ==:=-mm -"‘;"f i :v?&é;
Q /A’.;';;\\ J ¥ B* -

i ¥ o
SQRT 7l ot B Integration
6 o / 3 :’-"-‘ \ i
Q. W | \'\1"?:3’, | }‘ = <
l"".:‘g;"fo‘m \ Ay T (
cc :.in / \\-l:/ l‘ i ‘mep .
ATAC-seq N {@), {88y ,e»of*" y

~

— ) I 9) )
Cell identity Genomic elements - |~/
annotation

Single Nucleus Analysis Pipeline for ATAC-seq

Quality Control N lizati Diffusion Maps Consensus
Cell Selection ormafization Embedings Clustering

Observed Similarity
TSNE-2

Promoter Ratio
ity

" §Hmiﬂ

log10(fragments) Expected Similarity o TSNE-1

Peak Finding Motif Interaction
Calling Variable Peaks Analysis Prediction
c1 1 | o 5 of ‘

- om -
cz2llll . - % E G:ne
. .1 11 §|luE g P « 4
gene Snap25 i i \"‘-ﬁsfc_'itlc.n—' ’ \
chr2:136,686,837-136,809,040 log(CPM) R/ )3\‘,\‘]‘
7

Nature Communication (2021)
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snATAC-seq by a combinatorial barcoding

Biospecimens
(fresh or flash
frozen)
2nd parcode added by PCR

l Nuclei isolation

384 2nd Darcods Ligatan

Q

L]
1st barcode added by transposase / ¢ \Dislrihulion
i L r N B

96 wells  Barcoded

Cusanovich et al 2015
Preissl et al. 2018

Sequencing

* ~10,000 cell
.l.. |- ‘hl _J_,_ ol experim::tsper

2 & « >5,000 fragments per cell
e B : « <10 cents per cell

« High signal/noise

* >700 datasets generated

o

>>>

79,515 nuclei . . — e
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Adipocyte % e
Left . f : =
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. v =
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Right kel
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o
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N
UMAP-2 S
o~ - —
. . LSS € PSS
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Aggrsnatac [, Ig gl R 26 M 26
Fit Row-normalized accessibility
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Afrial cardio |
Endothelial i | - | 2
Smooth muscle | ) 1. e 1 |
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Lymphocyte | . — Vi—
Adipocyte | | | - | VR |
Nervous | 1 | | I RN (SN . N
DCN  MYH?7  NPPA EGFL7 GJA4 MS446A ILTR ADIPOQ GPM6EB D) )‘
%— pp— — ,% = ———
== BE—
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Single nucleus chromatin accessibility maps identify

the likely cardiac cell types affected by risk variants

Chromatin accessibility in cardiac cell

chr3:38767000 types
éCN1 0A

| rs6801957

| rs6801957

Fibroblast
AG04450

ventr. cardiomyo.
g b E—— £

CMK / atrial. cardiomyo.
_ AP el Ml

fHeart ' Endothelial cell _ - _
— Smooth muscle

GMO06990
N Macrophage
HCFaa Immune-like
_ ——— TR ——
HCT116 Adipocyts ove @ 1
Nervous cell
HepG2 & = = 5|
= " N N - o
f———1kb
. hg38 chr3:38,725,824 SCN10A
QRS duration

Cardiovascular

Maurano et al., Science 2012 <} D)%>
J

Risk variant enrichment links cardiovascular

disease risk variants to cardiac cell types

Normal heart thythm Atrial fibrillation (AFib)

Sinus node

Cardiovascular disease s imoue

Atrial fibrillation |
Coronary artery disease
Varicose veins

Heart failure

Stroke

Abnormal
impulse

GWAS AV Ventricular impulses
enrichment

A4

NSNSV SRSV AU SNV | 18 1 B N 1 Y 8

Normal heartbeat Atrial fibrillation

MEDICAL EDUCATION AND RESEARGH, ALL RIGHTS RESERVED.

Image credit: Mayo Foundation for Education & Research

. . . AN
Atrial fibrillation (&2 M&): AHOIA HFEAXQI 7| M7t LIEFLE Al 20| KCH 2 <‘>@>
F=HSHA| ot WED S ESHA [He HEfE 2|0]




A cardiomyocyte cCRE at the KCNH2 locus

contains fine-mapped AF risk variants

c 02 . rs7789146
: ',»" . rs7789585
PPA :
-
od - ] T chr7:150,940,000-150,988,000
Fibro.
$Ven.cm. . " » s AL . A. . 4
2 Atr. cm. N e
'E Endoth.
S Sm. ms. .
_Macro.
001 | A /
Co-access
score
0.60—
Vert. cons.
—HHH =l e el
Genes
KCNH2 PPA: Posterior probability of
association

Hocker et al. Science Advances, 2021

AF: Atrial Fibrillation <

A
d J,)

AF risk alleles reduce enhancer activity of

KCNH2 cCRE in hPSC-cardiomyocytes

hPSC In vitro CMs

differentiation , .
.’ Terany, =—=, Luciferase reporter assay

30+
c I |
hPSC: human pluripotent stem cell o
CM: cardiomyocytes c 0 *kk K
MinP: Minimal promoter = % -  — A
&3 A
c X
5o
28 .
S8 .
>
A %
0 * T T
Minp.  MinP- MinP-
Control KCNH2 KCNH2
GI/G (Risk) AJA <>§>
J
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KCNH2 CRE is required for KCNH2 expression in hPSC-CMs

Gene

Expression

- N
o o

Expression (FC)
o

o WT

m KCNH2 cCRE +/+#1
4 KCNH2 cCRE +/+#2
v KCNH2 cCRE +/- #1

+ KCNH2 cCRE +/-#2

05 © KCNH2 cCRE /- #1
0.0 m KCNH2 cCRE -/- #2
KCNH2 TNNT2
hPSC dife fiati WT
ifferentiation . T
A >
@% cCRE-KO
—= '°_> o)
cCRE L E—
deletion In vitro CMs
Fugui Zhu, Chi lab
(UCSD)

hPSC: human pluripotent stem cell
CM: cardiomyocytes

Y
d J>

snATAC-seq in Human Cortex

umap 1

NonN
_____________________ n = 204,134 -
Smg ----------- A
n = 55,273 % -
ITL2/3 Vip E
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Multiple Sclerosis

Ulcerative Colitis

Crohns Disease

Inflammatory Bowel Disease

Height

Birth Weight

Rheumatoid Arthritis

Vitiligo

[ Alzheimers Disease
LDL Cholesterol

Total Cholesterol

[ Schizophrenia
Intelligence

Meuroticism

Insomnia

Tiredness

Educational Attainment

Age At Menarche

ITL6_Car3
Lamp5

Tobacco use disorder

Anorexia Nervosa

Chronotype

Age First Birth

* ek
7

Attention Deficit Hyperactivity Disorder

* [#x| %

BMI

Amyotrophic Lateral Sclerosis

wo x|«

[ Major Depressive Disorder

*%

sk | x| %

Bipolar Disorder

*%

sk |k ek | x| x| eox ek

Ik G B

Alcohol Usage

snATAC-seq in 30 Adult Human Tissues

30 tissue types

Thyroid (28.299) Frontal Cortox (14,906)
Aorta (35,985) Lung (41,349)
Esoph. Mucosa (29,121) Right Atrium (11,801)
Breast (16,410) RA Appendage (13,064)
Esoph. Musc. (39,830) Left Atrium (14,748)
Liver (6,498) Left Ventricle (47,.282)
Body of Pancreas (33,221) Right Veentricle (24,878)

Pancroatic Islets (14,208)
Transv. Colon (36,845)
Smad Int. (17,788)
Ovary (7.137)

Uterus (8,475)

Vagina (4.824)

Skeletal Muscle (43,553)
Tiblal Artery (10,838)

Esoph. GE Junct. (13,518)
Adrenal Gland (7,796)
Stomach (18,710)

Adipo. Oment. (16.243)
Sigmoid Colon (18.239)
Skin Suprapublic (7.750)
Skin Lower Leg (18,726)
Tiblal Nerve (13,866)

30 major cell groups

0 s

UMAP-2

i.umem’al
Epithelial

111 cell clusters
615,998 nuclei .
& . i
Cardiomyocyte
PNC-Derived
Mural ":as‘ s ki
mal Sm. Ms

Esoph.
Epithelial

Skeletal Myocyte

r

UMAP-1

\

lterative clustering

)
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Enteroctye 44.32%
Fibroblast 12.24%
Goblet cells 11.55%
Cl.1 8.21%
T cells 6.39%
IEndotheIiaI cells 4.63%
Macrophage 3.50%
B cells 2.96%
Paneth cells 1.51%
Enterochromaffin cells 0.71%
Smooth muscle 0.71%
Myofibroblast 0.70%
C9.6 0.64%
Schwann cells 0.32%
Tuft cells 0.19%
Mast cells 0.%?
)
a2| |Smooth Muscle (General Gast... |
= m
52| [Golonic Goblet Cell ) Tl . .
“l
*| l l“
)
°_|_ -1 4 e Lliih.. . o N N
“]
a7 Paneth Cell
o__l 4 i 1 1 llmlllll 'Y 1 '] i '} llll]. i
o] =4 =)
[ SR = = ~ &
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ifferent human cell types

ind

regulatory elements

cis

Other Epithelial

Endothelial

Glia

Gl Epithelial

Mesothelial
Adipocyte

Luteal

Schwann General
Pericyte General 1
Fibro Nerve

Sm Ms Uterine
Sm Ms General
Vasc Sm Muscle 2
Vasc Sm Musdle 1
Pericyte General 2

Fibro Muscle
Nerve Stromal
ite

Sm Ms Muscularis 1
Sm Ms GE junction
Sm Ms Colon 2

Sm Ms Colon 1
SmMs Gl
Sm Ms Mucosal

Sm Ms Vaginal
A Cardiomyocyte

Pericyte General 3
Cardiac Pericyte 1
Pericyte Mus
Cardiac Pericyte 2
Pericyte General 4
Cardiac Pericyte 3
Fibro Liver Adrenal
Cardiac Pericyte 4
Fasciculata
Transitional Cortical
Glomerulosa
Cortical Epi
Mast
Naive T

T lymphocyte 2 (CD4+)
T Lymphocyte 1 (CDB8+)

Macrophage Gen/Alv.
Macrophage General

Lymphatic
Alveolar Cap Endo
Endocardial
Endothelial Exocrine
Endothel
BBB Endothel

Oligodendrocyte
Oligo Precursor
Astrocyte 1
Enteric Neuron
Astrocyte 2

Glutaminergic 1
Alpha 2
Beta2

Foveolar
Hepatocyte

Alveolar Type 1

Alveolar Type 2
Alveolar Type 2/immune
Club
Folii
Cilliated

Keratinocyte 1
Esophageal Epithelial
Keratinocyte 2

Skin Basal Epidermal
Airway Goblet

Skin Eccrine Epidermal
Mammary Epithel
Mammary Basal Epi
Skin Granular Epidermal
Mammary Luminal Epi 2
Mammary Luminal Epi 1
Myoepithel

Paneth
Enterochromatfin

v

Disease GWAS
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Myocyte
(o] da<r»wd
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ia e & gg g 8 Stromal
g3E¢ 3
= o =
I Lo ug £
mpzszeszezesp 2r2z7 EE FI279795 85599238587
M IEETERETEET LR AL £z gEEECecErTiocEns o1
3 3<2<38232:88¢ R = - g & $8335 £58=zz88580 5
i spEEpgssginc  3EE° e g i¥88% E°3553°:¢
$ 33pEz@ RNE g H g g 0§ 3ERTT =28
COEERmEs S ¢ 3 & Diverticular disease @@ w4 5
23 FA s Varicose veins g
Hypertension g .
iverticular di Coronary artery disease . .
b = EEmem-=TE-afa Carpal tunnel syndrome
Coronary oy desase FHEH H _— Type 2 diabetes
Carpal tunnel syndrome 1T ] o Stroke
2 e -+ om H Osteoarthritis
Osteoarthritis. 2 Breast cancer
Breastcancer | & o EEEEEEE . mEE .
e : - A EEEEEE Gout g
COPD - wPD %
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Rheumatoid arthritis | | || H L] Autoimmune vitiligo
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e sdorase n AN NN Primary biliary cirrhosis
Crohns disease ] | ] | ] |} Rheumatoid arthritis
Asthma child onset | | Selective IgA deficiency
Primary sclerosing cholangitis
Alzheimers disease
Multiple sclerosis
Crohns disease
Asthma child onset
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Zhu et al. Nature Method 2021
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Paired-Tag analysis of adult mouse brain

A . .
Paired-Tag Gene Expression B ®
B o Cell types
55
o . - -
T ﬁ al Major cell types, All data types
Number of UMI/Unique Loci per Nuclei ! i i W €1
ity # of unique reads es NonNeurons : Snap25 Neurodé Gad2 Sleta3
100 1,000 10,000 100,000 £ ExNeurons || Il 1 RNA
T Endotnelal InNeurons || el R
RNA *—— - NenNeurons W
.y - Oligodendrocytes .+ ExNeurons |, sl - HiKdme)
H3Kdme1 + Inhibitory . oP : - e .
! | MNeurons -, } ‘\ NonNeurons T
H3KAme3 { *‘ " i H3K4me3
- k . o InNeurons |} [ .
H3K27ac *& '__._.----" 3 g_ NonNeurons T RN
g : E‘ ExNeurons| | .. . . . H3K27ac
H3K2Tmes .__ DG/ | © mNewens | ... Meihe. ..
- i g NonNeurons R R Y FY
H3K9me3 ] | + E E ExNeurons H3K27me3
I InNeurons B hebsa
ChromAcc :- NonNeurons | . - —
(Paired-seq) |- H
N s, InNeurons N
3 h(I:ortlcal Hippocampal N
i Neurons Neurons "R ChromAce
InNeurons | Lot oo badb o o
64,849 nuclei lonh b s

UMAP1

Zhu et al. Nature Method 2021
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Comparison between Paired-Tag and 10x scRNA
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umap 2

umap 2

umap 1

Confusion matrix
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. Paired-seq & tag clusters

Paired-seq & paired-tag (log, CPM)

I
® gé o
:
B matched =
[ non-matched

10x v3 (log, CPM)

)

Zhu et al. Nature Method 2021
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Paired-Tag analysis links distal elements to putative target genes

Paired-Tag
(64,849 cells)

&)
A Encometal;
\ =

Frontal Cortex Hippocampu: =

4 H3K27me3 H3K27ac

H3K27me3

L H3K27ac
2

|

i

Refseq Genes ohat P
OPC ® m
CAle

OPC ®
CAle

RNA

H3K2T7ac

OPC &
H3K27me3 CA1 e

H3K2Tac-
associated

active pairs
H3K27me3-
associated
inactive pairs
mm10 chr16:91,092,445-91,334,322
Q 3))

How can we incorporate the 3D genome
Into single-cell multi-omics?

1)
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Mechanisms of noncoding located PD GWAS-SNPs

Various symptoms
Dementia

Hallucination

Delusion

Depression

Anxiety

Impulse control disorder
Sleep disturbance
Urinary frequency
Constipation

Anosmia

Orthostatic hypotension
Other non-motor symptoms

Complex molecular

mechanisms

@ a-synuclein
proteostasis

@ mitochondrial function
(® oxidative stress

@ calcium homeostasis
(® axonal transport

(® neuron-inflammation

miRNA
0.05%

3'UTR ncRNA

0.49%

5'UTR
0.13%

TTS
1.73%

Promoter
1.84%
Exon

Intergenic 1.78%

32.98%

Intron
59.37%

Number of sporadic PD GWAS SNPs: 3,869

Foo et al., 2017; Nalls et al., 2019; Chang et al., 2017; Nalls et al., 2014

)

Single-cell 3D epigenomics in the human brain

Enhancer

Gene A

* Disease-associated SNPs

Challenge 1. A lack of target gene information

Target gene

Genetic
variant
gen

" Affect gene regulation

Chromatin 3D topology
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Efforts to dissect mechanisms of noncoding

Science (2019)

; m— s few, B roows T i
Science e P S — T I
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Pram cell type-specific t_enhanoe_r—pronmi.er_ " — Moo -
interactome maps and disease-risk association g i oo B | I
Alexi Nott™, Inge R. Holtman**, Nicole G. Coutal***, Johannes C. M. Schiachetzkf’, Miao Y, ey e P o e | |
Rong Hu®, Claudia Z Han', Monique Pena’, Jiayang Xiao”, Yin W, Zahara Keulen’. Morogla A Moroghy
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Single-cell epigenomic analyses implicate candidate
causal variants at inherited risk loci for Alzheimer's
and Parkinson's diseases

M. Ryan Corces 0, Anna i, 5 Kundu®?, Michael J. O, Laure Frésard’,
Jeffrey M. Granja®*%, Bryan H. Louie'?, Tiffany Eulalio ", Shadi Shams?*, $, Tansu Bagdatli®*,
Maxwell R, Mumbach™, Boxiang Liu®**, Kathleen 5. Monting’, William J, Greenleal 02442,

Anshul Kundaje© 5, Stephen B. %, Howard Y. Chang 5 and

Thomas 1. Montine®'=

A single-cell 3D epigenomics

Pathological Dysregulation in cis-regulatory
regions regions and related cell-types?

I
Aged control Bulk tissue data 5,912 PD-related GWAS-SNPs Long-range interaction
AAA e H
—I. e TARA A—C

Parkinson's disease

1 RN
o ) snRNA-seq 2) H3K27ac ChiP-seq “ Dysregulated cRE  Target gene
m ‘ n=13 ‘ n=6 ~, CoT

_ 2) SnATAC-seq a —_ 2.
Postmortem brain 1) LD based variant expansion PD GWAS-SNP Target gene

‘ n=7 ‘ n=8 | 2) LDSC GWAS enrichment
Substrgintrig = DEG identification = Iterative Cellularity correction Effacts on of 'l' | " Effoct size b i’d ABC model
g = Cell-type decompsition m Dysregulated GRE identifcation |{* on cis-regulaotry activity (| = Effect size based on °
A ( & )
Is there aberrant Genetic variations Target
gene expression? in cis-regulatory regions? genes?
. J
S\H
4
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snRNA-seq (57,270 nuclei)

Microglia Pericyte
. A AGTR1 =
Control SN
Endothelial BPD SN
ndothelia ; P=0.104
w g 0104 —mm
c
Astrocytes g g
3 3 P=0.035
8 N 005
=] ©

L—
T T
AGTR1- AGTR1+
DopaN DopaN

0.00 1

"Oligodendrocytes

)

snRNA-seq reveals that

aberrant PD genes are highly cell-type specific

Down DEGs (1,876) Up DEGs (1,954)
] T m

DopaN i I | ‘ H } l H ‘ l ! [ l - Differentially expressed genes
GabaN [ | | | ‘l “ | ‘ (DEGs) were identified in cell
‘ i type specific manner.
Oligo ‘ ‘ - known PD genes were found
OPC ‘ ‘ ‘ in up-regulated DEGs,
Loa2FC showing cell type-specificity.
Ast P97 - SNCA (Micro), MAPT (Oligo),
Micro UCHLI (DopaN), LRRK2
| (Micro), and VPS13C (DopaN)
Endo { 0
= (LA RE -2
| H_ I:vpsas J ] L
CHCHD2 ARK7 FBXO7 VPS13C MAPT SNCA
UCHL1 SyNJ1 ATP6VOA1 GAK LRRK2

1)
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How are aberrant PD genes regulated?

PD-specific enhancers are highly cell-type specific

SsnATAC-seq (55,937 nuclei)

Cell type-specific epigenome

OPCs
L

GabaN

DopaN Astrocytes

Endothelial
-

Pericyte
Microglia

Oligodendrocytes

A0 000 45 8 00 A

—
1 Canvol S
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T
Endo
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PD-specific enhancer
dysregulation

in situ Hi-C

6 Control SN
(3 Male, 3 Female)

870,722,830 valid read-pairs
1,400,615 long-range interactions

5 PD SN
(2 Male, 3 Female)

744,285,811 valid read-pairs
1,031,124 long-range interactions

Long-range target gene identification

(N
e

Gene A Gene B

Effect size calculation

2%
A 0

cRE1 Gene B cRE2 cRE3
ABC score for  ¢RE1 activity X Hi-C contact
cRE1 effect = X100
ongeneB  $' oRE activity X Hi-C contact
cRES

Relative expression
0.00 0.25 0.50 0.75 1.00

TOMM7

KLHL?

NUPL2

[ Parental line [ Mutant line 2
[ Mutant line 1 [l Mutant line 3

)
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The first single-cell multi-omics and 3D genome map in PD brain

2. The target genes of annotated cis regulatory
elements remain to be precisely defined

Target gene identification

[

Important variants

1. The maps of active cis regulatory
elements are still lacking for most cell types

1
Rt A

L}D

isease-specific expression
in a relevant cell-type

What are the target genes of PD GWAS variants and their active cell type?

o

A
d J,)

PD-GWAS SNPs are enriched at down-regulated enhancers

PD (Nalls, 2014)

PD (Chang, 2017)

PD (Foo, 2017)

PD (Nalls, 2019)

AD (Jansen, 2019)

AD (Kunkle, 2019)

ALS
(Van Rheenen, 2016)

ASD (Grove, 2019)

scz =
(Pardifias et al, 2018) ’

juswiyouus SYM9 0sa’

-Log,(P)
5

All cREs

Down cREs

Up cREs

2

D)

P

)

X
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Why do GWAS-SNPs downregulate enhancer activity?

Deviation score

Gene expression

NRF1

- 3
.,
{“;DopaN

ZNF148

Micro =

|

Low

Deviation score

(Z-score)
T High

Gene expression
Low ] High

63,773 cell type-specific cREs

149 enriched motifs

FSP B > F P

¢RE activity  Binding enrichment
(2-score) -log10{P)

-2 0 2 o 40

Number cREs with gained TF binding by GWAS-SNPs

40-

30 1

204

10 1

Gained TF binding motifs (n = 1) L7
Lost TF binding motifs (n = 23) L
Exact binomial test, P = 2.98 x 10° - -

TCF4(Oligo) .~
ZNF148(Peri) i

-

- "EGR1(Peri),

NRF1(0PC)
,* KLF15(0PC)
NRF1(Peri) . i
SOXB(Olg0) ) B NF148{Micro)
KLF3(Endo) . ’ TFDP1(DopaN)
PBX3(Oligo) :
. TCF4{DopaN)_
NFIX{Ast) o SP4(DopaN
p paN)
Joeo ° ] o NRF1(DopaN)
so0 N °’oa KLF2(Endo)  NRF1(Endo)
AR N ZBTB7A(Peri)
i o 0%° 0% KLF2(Peri) ~KLF6(Endo)
® 008 9/ ELF1(Endo)
k4 Micro)

Y ETVs(
“ ASCL1(OPC) ELF1(Micro)

0 10 20 30 40
Number of cREs with lost TF binding by GWAS-SNPs

<

>>j>

Identify active cell types for PD GWAS target genes

A

HSD1781
PITX3

SH3HL2 /| GCHI: highly specific to dopaminergic neurons
SNCA: significant in most cell types

MAPT: affected dominantly in oligodendrocytes, OPCs, and astrocytes
GPNMB: affected dominantly in OPCs, astrocytes, and microglia
SCARBZ2: most significant in neurons, and astrocytes

LZTS3
HIPIR

ITPA

Target genes of PD GWAS-SNPs show active cell types for known PD genes.

- DDRGK1
GBF1
NUPL2
SCARB2
FGFRL1
KAT8
PRSS8
SDAD1
NUCKS1
TMEM175
GAK
HLA-DRA
SLC2A13
STH
STK39
CYP2R1
LRRK2

|

[0 T inePsF




Can we modularize the functions of target genes?

Hi ical clusters of putative target genes (n = 656) Clusters
L > C9 123456789 GO BP

response to unfolded proterln

ctit 9 oXygen £p lic p
. i 'a' li gV h J
membrane lipid metabollc process
cellular component morphogenesis
endocytosis
glycerolipid metabolic process
iron ion homeostasis

c1

morphogenesis of a branching structure
negative rogulation of extrinsic apoptosis
m Wnt ignaling pathway

tion of < ptic vesicle li
regulauon of oellular amide metabolk: process
Golgi vesicle transport
neguianon of cell development

gnaling pathway

89'"9

actin cytoskeleton reorganization

regulauon of oellulnr msponso to stress
of ch aptic transmission

positive regulation of ||pld localization

regulation of protein stability

gliogenesis

autophagy

protein folding

neural tube development

glial cell differentiation

Hierarchical clusters of putative target genes (n = 656)

e protein autophosphorylation
; [25R | C8 dendrite morphogenesis
v . regulation of GTPase activity
¥ 7 ] i 2 L' or di &
co R &‘- . el protein processing
PCcC -log10(P)
.0.8 NI T 08 o T & D)

DopaN GabaN Oligo OPC Ast Micro Endo Peri

i II-I mE = 'E::-‘;-

|
C mm Fi

-l
co I%_-
g

+0g10{@)
[
-]

-

GWAS cRE ‘ | .
GWAS cRE
Gene count
.|
(=] (3]

£ & & & K £ & & £ & ¢ 4 & & & & 8 & & K
g&g‘g&%g&%g& g&gg& g&gg&

C1 (response to unfolded proteins, ROS metabolism) : Microglia

C2 (endocytosis, lipid metabolism, synaptic function) : All cell types

C3 (Negative regulation of apoptosis) : Oligodendrocytes, and Astrocytes

C6 (Cytoskeleton organization, stress, protein stability) : Dopaminergic neurons, Microglia
C7 (Glial cell differentiation) : Astrocytes

C8 (Dendrite morphogenesis) : OPC ﬂ 3))
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Profiling the Higher-order Chromatin Structure
with Single Cell Multi-omics

Transcri pt|ona| Cell type specific Chromatin

Single Cell methyl-HiC Contact
Factors —\( Target gene Single Cell meth! ontacts

. - . -

L} Gene products

)

Single cell Hi-C (Dip-C, 3D genome)

Fixed
Chromatin
Whole-genome
—> Amplification &
Sequencing
B em12878 cell 3
Y ;i .
X @EE H ;
= nlk}%g 3 H = s = 22! S
SRR R Haplotype 5 i
; By v EE F_) I A E:
o » -
s TNl i im=ss H
g‘! - p' [ I E
1 BT T EL LR H
Chr1 23456789 - XY -
B0
= LT 3 u
5 L TR B!
4 e . L i
WGA, N R h R Rt s
No biotin enrichment. » [ ] : ]l
Throughput and cost. L B (T ] . ETTITITE H%: <‘3>
o ¥ 3 ] 4 ||
Tan et al, Science 2018 G 9
Chr1 2 3 4 5 67 829 XY
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Single cell 3D multi-omics technologies

sn-m3C-seq (3C & DNA methylation) SHARE-seq (RNA & ATAC) HIiRES (Hi-C & RNA)
5:-’-°-= = = s«-_-"f.-?_;-;—, m—— e e o0 ™ SU—man

___\.* r— . o OJQ = | e
’ﬁ ’8 V= ’ -+ ' Q__\—\ o T o°Q?°o°°< % o '.'_.:.HTWM

1 e @ * S, =
(Nature Methods 2019) o0 ,,% R |nsumic

3DRAM-seq (HiC & RNA & accessibility & methylation) | /_\l"" T @ >
~&=  /\ - .
— AR . ¥~ BT

/}/»;:— 'i:‘—{\—\‘ i :'A-lv"“' @ vty G inccemmtier Siimided %oo?’o g—— X
V| = % f G TR
f e Aot e —--e-— RNAompioon
ot y o e
\WATT) 2=t mae|age s . =
ey - : = \),& @
o (Nature cell biology 2023) ‘on [ om E e
e RNA reads

L T (Cell 2020) Soavencing

(Science 2023)

)

Joint Analysis of DNA Methylome and Chromatin

Organization in Single Cells

Single nuclei Bisulfite Post-bisulfite Single-strand Dual index s .
) Insitusc sarting conversion randam priming adaptor ligation sequencing equencing
é' T " . Random priming N £
@*%ﬁfk‘ﬂ* C R s —»E
5 —_— e — i
., in sty
Mouse hippocampus T
Mbp Fgrf3 Nov Lpl Prox1 Tshz2
asd 5 MM AT ML e | e
% 2 T MR (Rl )G il IR, e - . s
Endothelals
o W AL IV ) L T M
a0} < el A 1L Mlia,. iARINEE
’x""”‘ ""““g_a‘ S M WAL 1AL MRAL | hestuey . -
* oo 2 DINSNNNM |mSAD |l A AN 2
m TR A LA ke !
- el . g -
wneory S & sipicuium &
g Y e 2 (RN ..l DGR T R A AN i
- Ny L 1 BAAR) (ulsa |
= ml FW Lnl 'L% T o Tl Chr4:3-16Mb
i 5l

1)

Li et al., Nature Methods 2019

-34-



snm3C (DNA methylation and 3D genome)

/4

— Insitu 3C
Crosslinking Restriction Ligation
10pnll digestion
NNNNIGATC NNNN WNNNN
NNNN CTAG] NNNN NNNN
1 *

ds

~ sn-m3C-seq2

Sorting single nuclei
and bisulfite conversion

5'- s =—mCe=- 3"

5 mmmUsmmCass- 3

5O

Random-primed
DNA synthesis

g

Pooling and SPRI
adaptase reaction

Library amplification
and sequencing

\m—a
“%m—.:\

Reverse

Amplification

Library
preparation

Sequencing

~— AAAAA
=~ TTTTT

DNA amplicon

—=-=--——RNA amplicon

DNA reads
-——— RNA reads

-

c

® Genes ® UMIs

ol

MALBAC-DT HIiRES

100k

10k

Counts
Contacts

1k

HIRES

Chr2:10-20Mb

Normalized

contact frequency -10 -4

CpG Frequency
o

H Inter ® Intra

300k

Dip-C  HIRES

Liu et al., Science, 2023

- 35 -




A next challenge

How can we study oncogenic 3D gene regulation in
single-cell resolution?
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A lack of method profiling transcriptome, epigenome, and
3D genome simultaneously at single-cell resolution
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scHICAR: Transcriptome, epigenome,

and 3D genome in single-cell resolution
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scHICAR is ultra high-throughput and low-cost

profiling 1.6M cells in mouse brain
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Astrocyte LSET

1,624,306 mouse frontal cortex cells
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e e
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Gene expression of cell type markers
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scHICAR is ultra high-throughput and low-cost

Mouse Brain scHiCAR (1.6M cells)
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Mouse Brain HiRES (399 cells)
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scHiCAR well recapitulates cell-type specific CREs
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Dynamic compartment A/B patterns across cell-types
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Dynamic E-P pairs across cell-types
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A challenge

Identifying E-P interactions depends on varying cell proportions
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Model goal: reproduce loop callings from high-depth using low-depth scHiCAR

Robust identification of E-P interactions with scDeepLUCIA

Model training
Chromatin loops called at high-depth bulk HICAR as ground truth data

De novo loop calling

3 Rare cell-type
""""""""""""""""""""""""""""""""""""" scHICAR data
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scDeepLUICA (single-cell Deep Learning-based Universal Chromatin Interaction Annotator)

scDeepLUCIA is robust in defining

CRE-interactions from at least 5,000 cells
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scDeepLUCIA can identify CRE-interactions

from major to rare brain cell types
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Defining functional CRE-interactions:

Co-accessibility vs physical interactions
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scDeepLUCIA accurately identifies functional enhancers

2.02

2.00

*kk

1.78 | 1.79

-
~
(S}

-
N
o

%k

1331 1.35

Odds Ratio

1.25

1.00]

snATAC CREs + + + + +
co-accessibility
H3K27ac +
scdeeplucia loop + +

CRE-interactions are required for gene regulation

Glutamatergic GABAnergic Non-neruonal

1-0- *% * % * % * % * % * % *%k * *%k
80.5-
©0.01
-0.5]
-1.0

\_2‘3\1 AL45\T LGOT ?\;a\b gt \ip psiro MGL OPO
[Jno loop M loop
<)

- 44 -



Delineation of 3D gene regulation
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How to define interactions? - Overall Workflow

Ready quality check

\

Good alignment |
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Mapping to RF* within the correct
distance (sonication)
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i | Read orientation filter (Jin 2013) |
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Normalization
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Sequencing Hi-C Library and then What?

* Binning = Matrix

» Sizes (resolution)

* Put the ends back together
* Map to a reference genome m
» Determine ligation frequency

High

Unless single cell, ensemble average (over 10° cells)
Unless phased, averages over homologs.
Unless synchronized, averages over the cell cycle.

Ligation Frequency Matrix (Interaction Map)
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Resolution of Hi-C Interaction Map

Fragment (~4kb) resolution 40 kb resolution

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

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

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

more than 1,000 contact
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Hi-C Resolution

C  Lieberman-Aiden et al. Kalhor et al. Jinetal. In situ Hi-C
(GMO06990) (GM12878) (IMR90) (GM12878)
& I (&7 | B
x

Some numbers in Hi-C resolution

* Human genome size: 3*10"9bp

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

* Number of fragments: 7.5*10"5

+ Total interaction space: 5.6*10"1

* Number of cells per experiment: 10”6

* When we have 200M usable reads (2*1078), 200
interactions were measured per cell

» Interaction space is under-sampled

How can we increase Hi-C resolution?

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

* Reduced fragment size

5755 13735
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AN

o MY
2
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vy
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Bias Correction (Normalization)

Before After

1Mb 1Mb

Uncorrected Corrected (balanced)

o

D)

N\

)

Two major approaches for bias correction

e=lomr

Digestion efficiency as a Ligation efficiency as a Sequencing efficiency as a
function of sequence composition function of fragment length function of sequence composition
(and DNA compaction)

1. Explicit factor methods (ex: HICNorm)

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

2. Coverage based methods (ex: ICE)

— Don’t model explicit sources of bias. Only assumes factorizable biases

v

D)

Nt

)
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Bias correction with explicit factor methods

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

Filtering for random ligation events
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Bias correction with explicit factor methods
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Bias correction with explicit factor methods

Let Ui = {u}'k}Kj k<n.represent the n; X n; Hi-C cis contact map for chromosome i, where n; is the number of

consecutive, disjoint 1 MB bins in chromosome i. Each entry u}k represent the number of paired-end reads spanning
two bins L} and L. Let x}, y/ and z} represent the effective length feature, the GC content feature and the

mappability feature at locus j for chromosome i, respectively. Similarly, let x, y\ and z}, represent the effective
length feature, the GC content feature and the mappability feature at locus k for chromosome i, respectively. We

assume that u,, follows Poisson distribution with rate 6, :
10g(6jic) = Bo + Blen 10g(x]xi) + Bgec log(yjyic) + log(zz)

Here B¢ is the intercept term. B, and ,B;;CC represent the effective length bias and the GC content bias, respectively.
log(z} z}.) is the Poisson offset term of the mappability bias. We fit this Poisson regression model, and let 3§, B/, and
,[?écc represent the corresponding parameter estimates. We further define the estimated Poisson rate 67J-ik as following:

Oji = exp{B6 + Blen l0g(xjxi) + Bicc log(vjyi) +log(zjzi )} -
The residual ef), = u}, /), is the normalized cis interaction between two bins L; and L.

N &

HiCNorm / covNorm

Total interaction frequency

0 4000 8000

Expected interadiion
based on coverage

Nomnalized interaction

Raw interaction based on coverage

obesenc ;wawb‘mi

v

A 4

Fragment 1 coverage
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Bias correction with coverage based methods

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

number of reads

between segments i
and j X1 K
Total number of reads
) Cr
normalized ligation v Z l;q
frequency between f; X X

segments jand j
S R P

Total number of for Total number of for
segment j segment j

)

Bias correction with coverage based methods - equalized visibility

ICE equalized visibility: Each bin has equal coverage

Interactions

B " . .

Raw heatmap

lteratively corrected

S
oo (5 S
< @ @ ® @ A B A B A B
P MR EeEEH EEEE
3 [ [ ]| 3 3 3 ]| 3
4 4 4 I 4 [ 4
] S E %ﬁ; i
6 6 | | 6] | | 6 6
‘ IR Y
” ; A B
2
3
3
5 2 30 2 30
o F 20 5 20f
visibilty| .. 2 10 @ 107
S 0 > 0

1)

Imakaev et al (2012)
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Bias correction with coverage based methods - equalized visibility

Biases

OI] = BIB] 1:]' True

Observed

1. Start from Wij (=Oij) as the iterative process gradually changes this matrix to Tij

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

3. Additional biases delta Bi are calculated by renomralizitng s_i to have the unit mean as delta Bi =S_i/ mean(S_i)
4. New Wij = Wij / (delta Bi * delta Bj)

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

Issues:
* local signals can be removed
 interaction hubs such as transcriptional factory are not covered by ICE normalization

Advanced Topics
(enhancer-hijacking)
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Structural variations induce oncogenic 3D genome

Aberrant
genome

@8 Gene
1 @8 Enhancer

....... Breakpoints

B1 A1

f =
| s \
g 5 & \‘
"" G i “‘ /@
1 i '

B2

1D-genomic rearrangement 3D genome reorganization Aberrant gene expression

Kim et al., Mol Cells (2019), Kim et al., Semin Cell Dev Biol. (2021)

<)

Copy number variations are not sufficient to explain

oncogene activation nearby SVs

- SAMD?7

Log2 fold change
(Z-score)

Chr13 Chr15
Chr10 Chr11  Chr12  Chr14  Chri16 Chr17 Chr18 Chr19

Chrl Chr2 Chr3  Chrd  Chrs Chré Chr7 Chr8

[0 Upregulated (fold change 2 2)
E Copy number gain

[l Upregulated with copy number gain
Il No copy gain and no upregulation

Chr20 Chr22

57.4%
(n=4,710)

43.6%
(n=3,496)

1)
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A model of Enhancer Hijacking

Enhancer Hijacking

@ Enhancer A mechanism of oncogene activation ! - J
Cpmem— Promoter and gene through the establishment of g? - CTC:*""“"WR::T"’
I Breakpoint interactions with originally distal §§ i [II 6!-:;
enhancers by TAD disruption 3700 ’\ﬂu:»-c:r

&"{%

< A oz carm
Global rearrangement a’/&
K
i wild HEK-283T LMO2-4CTCF HEK-293T
E H & '
e
A 4
ke L

.\""\——\_.—o—"/ Activation of oncogene

Current Opinion in Genetics & Development

Disruption of chromatin folding domains by
somatic genomic rearrangements in human cancer

chr11:33,003,550-35,003,549

o C. 3
normalized reads

+
LMO2-ACTCF HEK-293T
Kadir C. Akdemir', Victoria T. Le?, Sahaana Chandran?, Yilong Li®, Roel G. Verhaak®,

Rameen Beroukhim®¢7¢, Peter J. Campbell*?, Lynda Chin™, Jesse R. Dixon?, P. Andrew Futreal ©%3,

PCAWG Structural Variation Working Group™ and PCAWG Consortium™
Nat Genet 2020

Conclusion:

Most domain disruptions do not result in marked gene expression changes
Limitation:

A lack of 3D genome in patients’ cancer genome

o C. 3
normalized reads

chr11:33,814,619-34,214,618

LMO2-ACTCF - wild type HEK-293T
Science 2016

Disorganized patient—specific 3D genome can be
oncogenic by rewiring enhancer-promoter interactions

P31 chromosome 20

god -
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RNA-seq =
ﬁ 7 Tumor 0Tumora&  wo . <-?§ 0
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40 colorectal in situ Hi-C:
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> 10 Adjacent normal
Adjacent H3K27ac ChIP-s
Normal 2 Tumor & -
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Archived patient tumor tissues
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Hi-C is a molecular rangefinder for detection of SVs

WGS

Number of breakpoint
spanning reads

~—— Breakpoint spanning read pairs
—— Non-spanning read pairs

Breakpoint
S E— B2
O— :
— O
B - -

Genomic distance
from the breakpoint

Hi-C read distribution

Hi-C

Number of breakpoint
spanning reads

Genomic distance
from the breakpoint

)

Kim et al., 2019; Kim et al., 2021

A unique contact signature of 3D cancer genome

P36 Tumor chromosome 3

Hi-C contact map *
Promot N
g Y
== de novo chromatin contacts W
oo Sttt O o
Tumor-specific LA
Hi-C pattern o %
— SE
. .
Hi-C pattern N "I‘-’E
in tumor 7
- T WY N T WY T T
.
Matched SV Deletion Pan-Nocmalsaé [ om0 (N1
P36N RNA-seq :h: A | wan ‘I |I‘ I AI PR
P36T RNAseq ||| Y '
RefSeq genes_= — e on [t €

— w em ewe eew - — - -—d
TOP2B NEK10 TGFBR2 CNOT10 STAC OXSR1

HHATL KIF15

)
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-=> Defining cancer-specific de novo chromatin contacts
- ldentify genes and SEs involving the de novo contact
— Test if SE-hijacking genes are over-expressed

= Determine if the genes are recurrently affected

Normalized Pretrained CNN
g Region proposal | Candiate regions | krop re-c g ] feature extractor XGBoost classifier Output

z| |4
§ : — ﬂ
=3 -~
c g ]

5| || > O—> -> > >
sl | £ .

© -t

£ 5 ¢ o = Estimated breakpoints

A

= Estimated disorganized area

-

WGS SV (optional)

Problem: tumor purity and tissue heterogeneity

Signal patterns to be identified

Background noise patterns to be removed

B




Solution: A pre-trained model for 3D cancer genome

Traditional machine learning Pre-trained model construction
Isolated & single task learning Learning of a new tasks relies on the
previous learned tasks

--

© = o-Em

CAPReSE (chromatin anomaly pattern recognition and size)

Workflow of CAPReSE Performance evaluation
de novo chromatin g :
Candll%atgsraelglon Region classification  contact identification g= |
prop (cancer specific) 23 .
Qo =
8. ®
$E . m
o CNN + XGBoost s8 .
£ 4 i
True contact — WoPre Pre
g &
X N = Estimated breakpoints 2 4 108
‘ = o Estimated SV-mediated e = 100
% E" de novo chromatin contacts a g
High intensity Ce e 25 9
background WGS SV (train criteria) £ s 0le==
— X
o o N\
QX PSS
[éa \(\'\(‘;O‘ee“?’l
N

Kim et al., Cell Reports 2023
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i de novo chromatin contacts

Identify interaction frequencies
over expectation (= 2-fold)

SE-promoter 5
rewiring 1|
- c Expected
»~ Sag2 S1| . value
A 11
’ y o ME
{ __§ ~ Significant
2 interaction
o ®
= :
—al - - :
Promoter Super-enhancer 3 -

Significant interaction

d1+d2
Rearranged genomic distance

s Promoter

mm SE

mm de novo chromatin contacts
inducing SE-promoter interaction

2Mb

g‘é
Hi-C contact
frequency

Pan-Normal
H3K27ac
Pan-Normal SE

P36 Tumor chromosome 3
Hi-C contact map

\‘, SE-promoter
. interaction

Breakpoint

P36N RNA-seq " ]

Woanad .ALI Al h Ab

H
"
]

-l

P36T RNA-seq

. i

L
L

RefSeq genes ==
TOP2B NEK10

“ o one e on | @scshpodeme

TGFBR2 CNOT10

Y
—— - ——g a B3 w0 J:] :H
STAC OXSR1 HHATL h.] 145//:/
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Clonal vs sub-clonal Enhancer-hijacking genes

Diagnosis and Metastasis
treatment /relapse

Tumor
initiation

Time

>

4 Driver mutations ¥ Passenger mutations

- ARR\Y
D)
o))
vy

N4

i""i de novo chromatin contact WSG-identified variant clonality
& Clonal (early)
[l Subclonal

[ Hi-C depth
[ de novo contact region Hi-C reads
[ Background Hi-C reads

Variants (clonal) found in

- -
Breakpoints breakpoints spanning Hi-C reads

P35 chr8:40,200,000-43,920,000 - clonal event

(O T TSV 11 )< T T T N 17 U T W] Identified as clonal
40717506 40940569 41563337 41995056 43103720 43153571 43177241 43577594 43815742
A>G A>G A>G GC>CA G>A C>T C>CT GC>A  A>AC
|| [e] || A [
A
ﬁ ‘
N
‘ 7 19))
[ ] [ ] ] ﬁ\ ‘//// J

Gustung et al., 2020
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Clonal enhancer-hijacking genes are functionally important

Clonality of upregulated SE-hijacking events

0 10
-log10(g-value) [E Clonal

[l Subclonal
Cell Cycle B Undetermined

chromosome organization

DNA Replication

proteasomal protein catabolic process

DNA metabolic process

Chromatin modifying enzymes

Chromatin organization

[E Clonal [l Subclonal Cell Cycle, Mitotic

I Undetermined [] Non-testable proteasome-mediated ubiquitin-dependent
protein catabolic process

DNA Replication Pre-Initiation

1)
( 2))
< d/

N

The prognostic potential of clonal hijacking genes

CoPM PFS Hazard ratio

CoPM (n = 214? bootstrap (n = 600) 0.5 1 2 5 10
2-fold cross validation, FDR < 0.01

1.00 = Low-RISK score group Clonal RISK genes || —_—
= High-RISK score group
Marker 1 —_—
0.75 KRAS | | L ——
2
% Marker2 == ———8—
=]
_g-0.50 MSI status | F——
(]
= : TP53 | —t——
= : H
w : i
0.25 : hge H
:  p-value < 0.0001 :
: Marker 3 | ——m——
: Py oy m—_—
0.00 .
0 30 60 20 120  Evareccion level
. - Expression level-based N
PFS (month) Major mutations progn%stic arker gen]i/ s))\u\\”
% //

Marker 1, 2, and 3 gene sets were obtained from Koncina et al., 2020
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Clinical implication of clonal hijacking genes

HCT116 SE-hijacking validation clones (n=4)
chromosome 3 —b -Control D108
5 D5 +D116
onie 30 g > 4 AT D134
on
n15 g 1 12
0 §'= 10
£ 2=
" ale. e e i £35 80
o 28
s 28 &0
CRISPR-Cas9 derived "x' 30 T 5, E
chromatin contact N ’g s 40
D134 1588 L= ! !
g B 0 Qf 20
< T
R L " o 0y T T T
D134 ! 0.01 0.1 1 10
H3K27ac I | i J i 1 I Oxaliplatin (uM)
D134 SE '
. . :' HCT116 TOP2B knockout clones (n=6)
CRISPR/Cas9 mediated deletion A OMD SE -»Control
’ o+ =KI13  +K14
RefSeq +f 4 #¢ b - . = | 4O M e e
genes SATB1 EFHBVENTXP7 THRB TOPZB RBMS3-AS3 120
v ; 100
2] SATB1 expression THRB expression @ TOPZB expression
S12 o 2- g
& ] :
510 630 8 g
S8 - 2 Z5 &0
ks L 202
<6 <20 35
Z 2 40
z, - ns. E Ex
b 10 = 8 8
He | B i O »
=0 --ﬁ — I—o 0 N
14 o = N\
PR P S PR q,h % @ e SR cn o " : RN
& . L 12))
Deletion induced clones Deletion induced clones Deletion induced clones Oxaliplatin (pM) AN "//47

Clonal enhancer-hijacking can be oncogenic and may
serve as an ‘Active supporter’ during cancer progression

i e Patients’ specific 3D genome requires to
precise prediction of enhancer-hijacking

Detection of SV patterns
in Hi-C contact maps

¢ Clonal enhancer-hijacking genes are
enriched to recurrent oncogenic functions

e Clonal enhancer-hijacking genes may serve
as prognostic markers for colorectal cancer

—

IR Kim et al., Cell
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3DIV: http://3div.kr

3D-genome Interaction Viewer

Hi-C

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

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

3D-Genome Interaction
Viewer & database

Easy-t

ABOUT 3DIV

Capture Hi-C Cancer Hi-C

3DIV provides promoter capture Hi-C 3DIV provides unique visualization and

(pcHi-C) results across 28 normal human manipulation tools that allows user to

A AN
cell/tissue types, a great resource in generate rearranged 3D genome by /
identifying target genes of disease- selecting listed SVs, creating own SVs, E

N
associated genetic variants. and providing order of rearranged N

chromosomes.

Hi-C data collection in 3DIV

Cancer Hi-C sample types (n = 220)

Control (33)

o/ Fi

Cervical
cancer (33)\,
Neu

Leukemia (32)

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

Colorectal cancer (74)

Liver cancer
Skin cancer (2)

G
Rare cancer (2)

~Lung cancer (2)
Gastric cancer (3)
Ovarian cancer (3)

ronastaye @

mpl
Kid>r’1ey cancer (5)
Breast cancer (16)

Normal Hi-C sample types (n = 181)

Stem cell and derived (31)

Endothelial and
epithelial cell (35)

A , ETC
ancreatic canc)er M) cellline (29)

b )

brosarcoma (2) Fibroblast

and derived (15)

capture '

Hi-C (28) Primary tissue (15)

Immune and blood cell (28)

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

Software samples® map annotation interaction table normalization  map browsing  rearrangement annotation
3DIV 2021 Update 401 " v e s s s s s
ApIv 80 s s v s v s
4D Nucleome 37 ' v
Nucleome Browser 138° s v
WashU Epigenome 3694 e s
Browser
HiView 2 ' v v v v
HUGIn2 83 v v e e v
3D Genome Browser 113 e V
GITAR 20¢ s s
Hi-C Data Browser 69 s '
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Unique functionalities of 3DIV

Features of 3DIV

187 cancer/tumor tissue samples
with 33 control samples

153 cell line/tissue Hi-C and

28 promoter capture Hi-C data

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

Pan-cancer SV data
for corresponding cancer type

MySQL + Java Spring + HTML5
based webserver implementation

d 2,
e ”\\\\\

o M\
2
V4 I

N4

Normal Hi-C Analysis

A Y
/ "\\\\\

\
PR
2

'y
N
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Normal Hi-C Analysis

/\/\ 3D-genome Interaction Viewer

and
Ll b database

Hi-C Capture Hi-C Cancer Hi-C

Statistics  Download Tutorial  Contact Us

3D-Genome Interaction

Hi-C

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

samples.

Viewer & database

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
and ng19 HI-C  Capture Hi-C  Cancer Hi-C  Statistics  Download  Tutorial  Contact Us
database

Interaction Table

Interaction Visualization

Comparative Visualization

Interaction table Interaction visuali:

omparative interaction visualization

> Choose sample(s)

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 IMb v
(Ex. CROCCP2, chr22:27141000, rs42)

> Selected region(s)

O Sample Bait /] A

[comnenn o N
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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

= Comparative Visualization

» Comparative interaction frequency heatmap
» Synchronized interaction visualization

d W,
4R\
R D/‘/g;' ))
N4

Module 1 : Interaction Table

Hi-C experiment Gene annotation =~ GWAS study ChIP-seq experiment
_‘-‘_
A ‘ A / _L_
Al A = > BESNG~
A a : G
TAD Interaction frequency  Promoter and gene body Disease associated SNPs Super-enhancer Histone markers
. B RRDR Gana N. Enhancer or H3K2Tac H3K4me1 H3Kdme3
o Ee B T T e e i
AY h 4
y 54970 218 7.07 IRXS 28 415 29
Mesenchymal Stem el | chri:55505-55810 225 699 Enhancer 875 a1 227
8 55505 201 624 Enhancer 641 415 286
Masanchymal Stem Cell | chri6:55540-55545 12 an LPCATZ 154 581 nir
Stom C 6:55510-55515 129 403 MMP2 207 561 25
& Mesanchymal Stem Cell | chr16:55535-65540 102 azz Enhancer a1 598 214
% g & 55360 108 3 IRXB 247 304 124
E E’ & Mesenchymal Stem Cel | chri:54320.54325 256 288 IRX3 387 816 18E2
g é % 4 55535 085 273 Erbancer 663 53 28
é g Masenchymal Stem Cal | chriB:55515.55520 o7 232 MMP2 134 arn 175
8E | y cal 083 23 Enhancer 338 35 214
G Mesenchymal Stem Cell | chr16:5211562120 0r3 224 LINCOO0S19 133 124 1.2
55710 082 216 sLoaAz 112 179 227
0 Mesanchymal Stam Call | chri6:54375-54380 174 214 Enhancer 312 598 28
Stem Cel | chr16:55600-55605 082 205 CAPNS2 185 23 175 A
Masanchymal Stem Cell | chr16:55315-65320 oTa 205 Enhancer 631 415 175 / j\\\\a“l ‘\l‘n‘
#_.__________:: 089 129 B 158821518 154 288 175 R\ ’//’
—._._’_FFF‘-'_- 1
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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

sLCeA2
" CAPNS2|
i L LPCAT2I .
. : . I “=3%.
LT LN B e s S
RBL2 Il RX6 |IMMP2l CES1P11l

53,5Mb 55.5Mb
RPGRIP1L I CES1H
AKTIP] CESS5A N

.‘t‘..:./ g ‘-‘;,.;'{;/ - I el ™S
______ -*"GIS ChIA-PET MCF-7 CTCF

GIS ChIA-PET MCF-7 ERa

Step 1 : Open Interaction Table Module

/\/\ 3D-genome Interaction Viewer

AL hg1s HI-C  Capture H-C  Cancer Hi-C  Statistics Download  Tutorial  Contact Us

and
database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

| Click “Interaction table” o= coosesampes

> Type > sample property » Condition > sample
Choose... ~ Choose. v Choose ~ Choose v
> Input bait > Interaction range
Bait 2Mb ~

(Ex. CROCCP?2, chr22:27141000, rsd2)

> Selected region(s)

o Sample Bait

Exampe un [ fur |
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Step 2 : Choose a sample

table [=

» Choose sample(s)

¥ Type ¥ Sample property

inr ol ana derved (8 W W1 MICE, Megerchymal v

table ion visualizati ©

I £haose sample(s) by characteristics I Choose sampleqs) by search

¥ Condition

e treatmant (1) -

Chocte samplas)

1) Choose samples with condition

> Sample

» Choose sample(s)

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

2) Choose samples with searching window

Sample
1
1 &l
H1 Mesendcderm Cell
* Input bait T INTErACTION TANgE
table

* Choose samplefs)

Choose sample(s) by C

O fibroblast(CRL-2522) deamethasane 20h
fibroblastiCRL-2522) dexamethasone £8h
fibroblastiCRL-2522) dexamethasont S5h
GMZ3228 [primary skin fibroblasts)

pie{s) by search

3) Choose samples from the list directly

B

.
I H1 Mesenchymal Stem Cell
SETOOOETTI e

HI Neuronal Progeniter Cell
H1 Trophectoderm Cell

bryanic Stem Cell Line. Heat shock condition
Embryanic Stem Cells
O H5 Human E5C-derived Neuroectodermal Cells

HABA inaarhaninid rall lins)

=
St

Step 3 : Choose a bait

Interaction table

> Choose sample(s)

Choose sample(s) by characteristics

> Type

Stem cell and derived (3 v

Interaction visualization

> Sample property

H1 M5Cs, Mesenchymal

Comparative interaction visualization

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

> Condition > Sample

w

> Input bait

Bait -

I r§142‘| 085

Mo treatment (1) = H1_Mesenchymal SCs %
I Insert ID of Gene/SNP or genomic coordinate I
> Interaction range
| 2Mb ~

(Ex. CROCCPZ, chr22:27141000, rs42)

> Selected region(s)

]

Add sample(s) Remowve sample(s)

I Click button to add sample I

Sample Bait

[run )
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Step 3 : Choose a bait

Interaction table

> Choose sample(s)

Choose sample(s) bu charactarictics

Find genomic location from Gene Symbol or SNP id

» Type
A Gene symbols

Interaction visualization

Comparative i v

rhonca camnlaic)

]

ole

Chnnca camnlaic) b caarch

Stem cell and derive I rs1421085

chr16 : 53,767,042 ~ 53,767,042 | EsRcomEtst: T

> Input bait

> Interaction range

J Click to confirm the coordinate of variant. I

2Mb v

(Ex. CROCCP2, chr22:27141000, rs42)

> Selected region(s)

0

Add sample|

Remove sample(s)

Sample Bait

Example Run m e \

QN
2)))
/i

N Ty

Step 4 : Run Module

Interaction table Interaction visualization

» Choose sample(s)

Choose sample(s) by characteristics

> Type

Stemn cell and derived (3

> Input bait

Bait: | rs1421085

(Ex. CROCCP2, chr22:27141000, rs42)

> Sample property
H1 MSCs, Mesenchymal

Comparative interaction visualization

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

> Condition » Sample

Mo treatment (1) o H1_Mesenchymal 5Cs v

» Interaction range

2Mb -

> Selected region(s)

o Sample

Bait

H1_Mesenchymal_SCs

chr16:53767042

| Eompie Run | 1\
Z19)
- NI

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

Enlgenomics _
Filter Bias-removed interaction frquency
) ) Distance normalized interaction frequency
Distance nermalized Interaction frequency : -
Annotation of Enhancer or Super-enhancer
Annotation of disease associated SNPs
Annotation of Promoter
show| 10 ¢ |entries CHIP-seq signals &
" Distance
Bias- 2
normalize
s
Sample Bin Distance Interactio o 2 Enhancer o Gt H3K27ac H3K27me3 H3Kd4me1 H3K4me3 H3K9me3 CTCF
= Interactio SNPID Name
n
1 ey frequency
-
Mezenchymal 1950000 0.07 084 Mane rs3935845 - 176 188 164 192 182 0.00
Stem Cell
H1
Mesenchymal e 1255000 0.04 074 Mane rs3933638 - o 206 228 147 141 0,00
Stem Cell
fi chr16:53495000-
Mesenchymal it 270000 114 0.82 Mane rs3931702 - 3.02 248 188 192 0.00
53500000 eSS
Stem Cel
1 chr16:53990000-
Mesenchymal e o 116 Mane rs3924983 - 2o 227 mn 238 182 0.00
53935000 e S
Stem Cell
i 16:53800000- rs9922619rs933|
Mesenchymal | T oo 2 35000 s7a 061 Mane S e = 176 207 145 284 000
53805000 06
Stem Cell b
o 16:54465000-
Mesenchymal :'\rr = & 700000 0.99 118 Mane r=3921518 - 352 206 378 192 182 0.00
SA4470000 e
Stem Cell
b 16:53015000-
Mesanchymal | Lo o000 010 067 [ r=9302592 - 277 2428 168 145 141 000
53020000 ——
Stem Cell
n 16:53490000-
Mesenchymal mr'j,‘g'm g 275000 0.82 Mane rs80S7808 AKTIP m 188 185 238 468

Step 5a : Adjust the table

igenomics
Filter
ance normalized Interaction frequency : [0.00 | - [2.55
Show| 25 @ ‘entrles s
" Distance
Bias- -
normalize
removed
. 2 a GWAS Gene
Bin Distance Im:mn ool Enhancer e e H3KZTac
n
fraquency e
Mezench o= 1950000 ao7 LN None r3935828 5 176
51320000 ——
Stem Co
I Adjust the number of entries per page. I‘&s»s-m,
et 1255000 aos 074 None r9933638 E 20
Stem Ce =
L chr1E-53435000
Mesenchymal b 270000 Lia o2 None rs3e31702 - EL
53500000
Stem Cel
L 16:53330000-
cnrig - o i .
Mesenchymal oty 225000 237 116 None E 2m
Stem Cel
L 16:53800000- 9922615rs353
cnre - - . = -
Mesenchymal s 35000 578 06 None e 7
Stem Cel Lo
i 16:54465000-
Mesenchymal | T Lo g 700000 099 118 Nans r=3921518 - 152
52470000
Stem Cel
At 16:53015000-
Mesenchymal | Loo- : 750000 010 067 Nans r=3302592 B 27
53020000
Stem Cel
Ht 16:53490000-
Mesenchymal | oo - 082 Mans r=B057808 AKTIP ]
R 53495000 -
Ll ) 3
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Epigenomics

Step 5b : Sort the interaction table

Filter
Distance normalized Interaction frequency : |0.00 ] 2 |2.55 1]
Show| 25 ¢ |entries
> Distance
Bias- ™
normalize
removed
. & d GWAS Gene
Sample 8in Distance Imer:mn o Enhancer i o H3K27ac
n
frequenet | trequency
I chr16:53805000-
Mesanchymal = 40000 285 ez None s 176
53210000
Stem Cel
wt
Mesenchymal :1r[&53_5:0:035au. 25000 578 a5 s =8332612reeEd = n_—
Stem Cel =
I Click the header to sort the table I
Hi .
Mesenchymal “",i:smm' 20000 78 117 Mare NA = 187
Stem Cell b
7 chr1€:53840000- = e - i 277
Mesenchymal 53342000 75000 575 1 None NA - 277
Stem Cell
E 16:53850000-
Masanchymal “’,jg,, 5 85000 573 12 Mare NA - 226
Stam Ce B
! 16:53870000-
chr1&:53870000- P 7 A - 77
Mesenchymal it 105000 253 137 None NA 277
Stem Cal
" 16:53835000
chre -
kl 5.4 A > 2
Mesenchymal 53340000 0000 a3 None NA EL
Stem Cell
H) 16:537.40000-
Mesenchymal | Lo 00 25000 044 Mare 56499640 . 76
it 53745000
+ B 3

Epigenomics

Filter

Step 5c : Filter interaction

Distance normalized Interaction frequency O

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

Show | 25 ¢ |entries -
Click to apply the filter
Bias- =
normSize
removed
: 2 d GwAS Gene
Sample Bin Distance Imr:mn e Enhancer S e H3K2Tac
n
freques
ey | ey
- chr1E:53805000-
Mesenchymal 40000 sas PES Mone =
Stem Call
i enr1E:53800000- 599226191393
Mesenchymal i 35000 578 0§ None i = 176
Stem Cal ==
e 16:53845000
chrl6:53845000- 5 A 1
Mesanchymal e 80000 578 Mone NA 2 187
Stem Cel o
A 16:53820000-
Mesenchymal | L 75000 575 Man= A = 277
53845000
Stem Call
it 16:53850000
Mazenchymal ""_35__ s 85000 573 122 [ A = 225
Stem Cell =
by 16:53870000
Mesenchymal | S Looo0 D000 105000 553 137 [ A - 277
5375000
Stem Ce:
1 16:53835000-
Mesenchymal “'_3 o 70000 543 1M Mone A - 202
Stem Call >
" 16:53720000
Mesenchymal | O oo o000 25000 5414 044 [ rs6499640 = 1
i 53745000
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Step 5 : Browse the table

Filter
Distance normalized Interaction frequency : | — 2.00 | - [255
] 1 2
Show| 25 ¢ entries -
. Distance
Bias- -
normalize
removed
" : ] GWAS Gene
Sample Bin Distance Interactio Intermctio Enhancer P o H3K27ac
n
n
T | ey o
- 16:54925000-
Mesenchymal | o 1160000 267 255 Non= NA - 154
54320000
Stem Cell
- 16:54930000-
Mesenchymal | T 1165000 255 247 Non= NA IRXS 150
54335000
Stem Cell
1 o I Promoter of IRX5 I
Masenchyma) | © 15 E4H0000 1152000 228 240 None: NA -
54375000
Stem Cell
- 16:54935000-
Mesenchymal | T 1170000 222 226 Non= NA - 134
54340000
Stem Cell
H' 16:54915000 I I
Mesenchymal | T : 1150000 200 207 Non= NA CRNDE 212
54320000
Stem Cell T
| Promoter of CRNDE I
Showing 1 to 5 of 5 entries (filtered from 792 total entries] -~ :
€ ¢ ) First Previous 1 MNext Last
- J)
] 3 y

Module 2 : Interaction Visualization

(uonnjosal q¥40z)
Kouanbayy uoieIB)uI
paAowsals-selg

179,425,000 179,825,000 180,225,000 180,625,000 181,025000 181,425,000 181825000 182225000 182625000 183,025000 183,425,000
1 || 1 1 1 1 1

Bait bar

.
e
°

g 200 - 2 %
SE o 58
s Distance-normalized %
g E 100 interaction fmqu;r())cy 40 § 3
o g cut-off value : 2. 50 § g

0.0
C
H1-ESC super-enhancer
e [pa) k] H (ol -

PEXSL CCDC39 SOX2 FLJ46066 LAMP3 KHLL6
FXR1 ATP11B MCF2L2 A
) H v )
LINC01206 DCUN1D1  KLHL24 Vi
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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
s’ MD et 10 1 9
” 55,000,000) 58,000,000 61,000,000 64,000,000 67,000,000§ 70,000,000
CHROMOSOME 1 "’ Normalized PrEC
AN D DRI interacting Normal
5 MB bt NG 19 4 counts
s fm—————— ¢ —
Normal : : min max
o il el |
Cﬁctr : :
7y ] 1
plhd o o e ] T il TR TR ol
LNCaP i 1
Cancer 1 1 pc3
1 '
7 e 1 " 1 Cancer
\ SRy, : S
3 omane 1 R e, S e i 0
\ crer LUl BTN WTTT ) NS TP B Y V1Y FL
kS LNCaP
\ Cancer
\
\ :
% i
\“ Domains s SRS h&
\ CTCF | L ! 143 1]
\ RefSeq Genes wowm S W1 . b - ———- - .- o — ) ", 7
A 'YBSRL DEPDC1-AS1 /-
L
-
NI
Taberlay et al, Genome Res. (2016)

Step 1 : Open Interaction Visualization Module

3D-genome Interaction Viewer
and
311 P

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

Comp

ive interaction vi:

* Click “Interaction visualization’
Choose sample(s) by characteristics

Choose sample(s) by search Choose sample(s)
> Type > Sample property » Condition » sample
Choose... ~ Choose. v Choose. ~ Choose v
> Input bait > Interaction range > TAD
Bait

2Mb
(Ex. CROCCP2. chr22:27141000. rs42)

DI (window size = 2Mb}

> Selected region(s)

a} sample

Bait
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Step 2 : Choose a sample

3D-genome Interaction Viewer

$p)y =d hg19 HI-C  Capture Hi-C  Cancer HI-C  Statistics Download  Tutorlal  Contact Us
=== database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

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

A549 00h 100 nM dexamethasone -
A549 01h 100 nM dexamethasone
A549 04h 100 nM dexamethasone
A549 02h 100 nM dexamethasone
A549 12h 100 nM dexamethasone

ADACA418 (primary islet) Click to load the list of Hi-C experiments I
Adrenal gland

Aorta

ASCs (Adipose-Derived Stem Cells), 0 day of differentiation induction
ASCs (Adipose-Derived Stem Cells). 1 day after neuronal induction
ASCs (Adipose-Derived Stem Cells), 1 day of differentiation induction
ASCs (Adipose-Derived Stem Cells), 2 days before induction of differentiation =

Jg0o0oOoQooOoOooOoOoo

> Input bait > Interaction range > TAD

Bait : 2Mb w DI (window size = 2Mb) b 4 A1

(Ex. CROCCP2. chr22:27141000, rs42) E

.

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)

e e T e

O IMR20, in-situ Mbol
0 K562, in-situ Mbol
O KBM7 cell line

0 KBM?7. in-situ Mbaol
O Left ventricle

I ap prostate cancer cell line, BEIII I

O Lung
ACF-10A
CF-10A BRG1 shRNA

Click to choose sample I .

> Input bait > Interaction range > TAD

Bait : 2Mb b DI (window size = 2Mb) e

(Ex. CROCCPZ, chr22:27141000, rs42)

AR
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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 sample(s)

) IMR90, in-situ Mbol
0 K562, in-situ Mbol
0 KBM7 cell line

0 KBM7, in-situ Mbol
O Left ventricle

O Liver

LNCap prostate cancer cell line, Bglll B
O Lung i
O MCF-10A

) MCF-10A BRG1 shRNA

O MCF-10A scramble shRNA

O MCF-7 -

e g e g

> Input bait > Interaction range > TAD

Bait: | chri-60000000 | | 2Mb L | | D! {window size = 2Mb) v |
—

(Ex. CROCCP2, chr22:27141000, rs42)

Add sample{s) Remove sample(s)

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

> Selected region(s)

Ll Sample Bait TAD

=
St

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)

= o e e s s e i S L S T s

O IMR90, in-situ Mbol
0 K362, in-situ Mbol
0O KBM7 cell line
O KBM?7, in-situ Mbol
O Left Ventricle
) Liver

1 LNCap prostate cancer cell line, Bglil |
O Lung
O MCF-10A
O MCF-10A BRG1 shRNA
0 MCF-10A scramble shRNA
O MCF-7 I Click button to add sample I -

> Input bait > Interaction range > TAD

Bait: | chr1:60000000 2Mb i DI {window size = 2Mb)

| Add sample(s)

(Ex. CROCCP2, chr22:27141000, rs42)

Remove sample(s)

> Selected region(s)

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

a

=4
S

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)

e e e e e S e D R L e e S
) IMR30, in-situ Mbol

0 K562, in-situ Mbol

0 KBM7 cell line

O KBM7, in-situ Mbol

O Left Ventricle

O Liver

B L NCap prostate cancer cell line, Bglil .
O Lung

O MCF-10A

O MCF-10A BRG1 shRNA

O MCF-10A scramble shRNA

0 MCF-7 -
> Input bait > Interaction range > TAD
Bait: | chr1:60000000 2Mb v DI (window size = 2Mb) M

(Ex. CROCCP2, chr22:27141000. rs42)

Add sample(s) Remove sample(s)

> Selected region(s)

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

Example Run mg

St

Step 5 : Adjust the interaction visualization

TN [ copcoe B acoom |
Zoomin 4% ) D | Zoomow 1Mk | & )
—
Hesomap resonon (20,000 w |op [ Refresh |

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

One-to-all interaction plot

Arc-representation of significant interactions

Gene annotations

C e = L L Description of selected interaction

-78 -



Step 5a : Adjust the heatmap resolution

LNCap prostate cancer cell line, Bgill

e T
Zoom in 1.5X ] 3X | Zoom out 1.5X | 3X |

Heatmap resolutionf] 40,000 wvibp JRefresh

<

Click to apply the
adjustment

I Adjust the resolution of heatmap. I

N\
dR\\
2))
N

Step 5a : Adjust the heatmap resolution

LNCap prostate cancer cell line, Bgill

— B e
Zoomin 1.5X | 3X ' Zoom out 1.5X ] 3X |
Heatmap resolution | 40,000 v |bp | Refresh

| —

o 10 20

>,
“ . "\‘:,\\\\.
))/_g,! )

N
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Step 5b : Adjust the heatmap color range

LNCap prostate cancer cell line, Bgill

Zoomin 1.5X | 3X | Zoom out

Heatmagyresoiution

I Drag the scroll bar to adjust the color range I

3 {chnl
1)
( 2))
NI

Step 5b : Adjust the heatmap color range

LNCap prostate cancer cell line, Bgill

sove s g N TN
Zoomin 1.5X | 3X | Zoom out 1.5X | 3X |

Heatmap resoiution [40,000 v |op  [Refresh)
I

o 10 20

hg38 : { che1:58,000,000 62,000,000 )

G { 8,000,000 62,000,000 A ™
\\‘

DRIN)

&
¢ //

N
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Step 5 : Adjust the interaction visualization

LNCap prostate cancer cell line. Bgill
Zoomin |_ 15X EN Zoomout |__ 15X E

Heatmap resclugion (20000 ¥ |bp

Zoomin |_ 15X x
E

10

Zoomout |_ 15X x
Heatmap resolution 20000+ ]op

10

seomo

g (her500.000 £2.000,030)
SN0 SEAGMO  TM00N  SLANMNO 00N GLAOMD  GLSOMO  GLIAD  GLEOON  E2OMOD
= coaoa; - 0 sonpc0) "
ostead kneatsin beguency 260
a0 = 2 oo

There are o super-echancers in this srea
D -

v

Sapar-anbarcer T e sopm mheeminshisom
—_— T ——— CD oo O W ey o000 o NARSIE WSS Pt
O ey o rensevuen I R st R W v S Tty Mhosmrttoteeee] Sty S ™ e e
pr e ) = o e M e b g e Y e R Uncorshed WaAy | LociEy Po)
i WMESTE  ClodiH LGOSt st TV o
it dtesarata il R e 1
rasf=rit] (I ey jrimresoasen il secea]
ot jiirieasacea il seacs] s o
| oe e S [ toessses - locomu]
et sy Tsssaesen U Pl
firi WOR- secvecaca| jrinvecasses] o esssees M- ioccsces]
wodtiyaaany [ reeveanen o revavees] R sessseee]
LoCiorIsEl | Cherrereerd ol
Tem e essssass]
i B iesssanea
et - rececases
et - receeseen Pt
et - recscssen s

Adjust the fold-change criteria

S&,000.000 58.400,000 58,200,000 55,200,000 59,600,000 60,000,000 60,400,000 60,200,000 61,200,000 61,600,000 62,000.000
| | | | | |
200 — E0,0:00,000 ) | a0
: . : Lo
5 © | . o o ! . Distante'norralized Interattion frequency : 2.00
100 LE—_ - - = : —— - : ==
. - e L o . = . . 0 SN o | 10
Pl e o e e Pl omm Tt C . , - O . G FraN T amm T
— -trad o - 3
' o~ Lol
oo b i M1 T S W T S ! i alid
(Bias-removed Interaction frequency)
~ 3

Drag the scroll bar to adjust fold-change
criteria for arc-representation

)
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Adjust the fold-change criteria

58,000,000 52,400,000 58,200,000 59,200,000 55,600,000 60,000,000 60,400,000 160,200,000 61,200,000 61,600,000 62,000,000
| | | | | | | |
20.0—| 0.0:00,000 ) —a0
Distance normalized Interaction frequency : 3.01 .
B . 20
10.0 — ‘—20
E LS - . — 1.0
S R A L X i C .
l e T e, I
—
oo b M b1 T} il 4o | l ‘i | oo

(Bias-removed Interaction frequency)

(Distance normalized Interaction frequency)

After adjustment, some arcs are

not visualized any more.
3))

Description of identified interactions

52,000,000 52,400,000 52,200,000 55,200,000 589,600,000 60,000,000 60,400,000 60,200,000 61,200,000 61,600,000 62,000,000
| | | | 1 | | | |
200 — — 4.0
Distance normalized Interaction frequency : 3.01
: .
10.0 — ‘—20
E ) - . — 1.0
Pl e e et g . - N 'l
l At sl
—
oo b i b d T ! | oo

(Bias-remaved Interaction freq

uvency)

{Distance normalized Interaction frequency)

Click the arc to check brief explanation of corresponding interaction

)

No. Start End Gene Name Locus

Chromosome

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

- hg38 : { chr1:58,000,000-62.000,000 ) -
58,000,000 58,400,000 58,800,000 59.200,000 53,600,000 60,000,000 50,400,000 60,800,000 61,200,000 61,600,000 62,000,000
| | | | | | | | |
20.0 — —40
NI
10.0 — ‘—20
. P ) . —10
ol e o ———— ;s - . ° -
- l - —=Tradl_ . i \t
—
oo b i b b T ! | oo
(Bias-removed Interaction frequency) (Distance normalized Interaction frequency)

No. Chromosome Start End Gene Name Locus

1 chrl 61975000 61980000

)

Browse interaction frequency w/o change the bait

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

20.0— —4n0

30

i _- o - . k\ ’ <. Distance’normalized Interaction fl:equency - 200
10.0 = - = - .
" s G O B = B R’ - NS . = S v = .

i L 8

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

Pt ot ——

oo b M a1

[Bias-remioved Interaction frequency)

— T

lhl il 1-1 l*

)
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Browse interaction frequency w/o change the bait

57.150.000 57,550,000 57.950,000 58390,000 58,790,000
| | | |

53190000 59530000 53390000 60330000 60730000 61,150,000
| | | | |
—40
200—] 0,000,000 )
3.0
nce normalized Interactién frequenicy’: 2,00
100—] L N

Al e W e e

oo Lo oakld fui

(Biss-remaoved Interaction frequency)

L_oo0 =
(Distance normalized Interaction frequency)

)

Adjust bait without resubmission

52,000,000 53400000 58,300,000 59,200,000 53600000 60,000,000 60,400,000 60800000 61200000 61,600,000 62,000,000
1 1 1 1 1 1 1 1

1
A
34,000)

00— ( )

—a0
10.0 C R = z -

* . Distante'normalized Interattion frequency - 200

29

Pt e M e e 09 e

co b i ] {ui T

{Bias-removed Interaction frequency)

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

TOmiance normanzed Imerstoonegquencyr

-
~
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Adjust bait without resubmission

58,523,000 58,923,000 55,323,000 59,723,000 60,123,000 60,523,000 60,923,000 61,323,000 61,723,000 62,123,000 62,523,000
| 1 | | 1 | 1 | |
30.0—] —8o
0,520,000 }
—5.0
200 —a0
. |—30
g Distance nogmalized Interaction frequency : 2.00 |
10.0_] - d — _ d Y .
- He A h,__l._
00 i *-"J Lk "1 l.i..“ X il gp 1

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

)

Module 3 : Comparative Visualization

slom coll o
5
A E §;§
R
il
s g §
/'9_ { vy » " 5
3 - ~ _‘ X ; <& Hidenved
_e}"g é.’-‘ it s 7 ot o, T 004 o]
PANT 7. S8 LRSS RGO R IO G DA, OSSN
58.000,000 58,400,000 supooeo nzgo.nm 59600000 60,000,000 60400000 60800000 61200000 61,600,000 lzonqm
H1 Embryonic Stem Cell
B

Kousnbayy uoRIAIE
pazieULOU-2oURSIQ

H1-ESC super-enhancer 1
H1-ESC super-enhancer 2

H1-derived Mesenchymal Stem Cell

Kousnbay uoneIB U

Bias-removed
Interaction frequency

)
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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

Differentiation potent

precartilage
condensati

chondrocytes

time

)

N

&
Vs

AN
N

) )
)

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

Step 1 : Open Comparative visualization Module

3D-genome Interaction Viewer

Sp1v and hg19 Hi-C  CaptureHi-C  Cancer Hi-C  Statistics = Download
== = database
Hi-C
Interaction table Interaction visualization I Comparative interaction visualization I
> Choose sample(s) ﬁ
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...
> Input bait

> Interaction range

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

2Mb

Add sample(s) Remove sample(s)

> Selected region(s)

8 Sample Bait

Tutorial

Example Run Run

Contact Us
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Step 2 : Choose a sample

3D-genome Interaction Viewer
s and hg1o Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us

iolx database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

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

U HAPT (near-naplola ceil ling)

O HAP1 (near-haploid cell line), SSC Knock Out

O HAP1 (near-haploid cell line), WAPL and SSC Knock OUT
O HAP1 (near-haploid cell line), WAPL knock Out

O HEK293T (embryonic kidney cell line), transfected with dCas9-VPR targeting the exon

0O HEK293T (embryonic kidney cell line), transfected with dCas9-VPR targeting the promoter CTCF binding site of
Pcdhat2

O Hippocampus

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

Click to load the list of Hi-C experiments I

o ranaT

O HTBE (human tracheobronchial epithelial cells), infect mock, infection time 12hour -
> Input bait > Interaction range
Bait : 2Mb e
(Ex. CROCCP2, chr22:27141000, rs42) /]

™

Step 2 : Choose a sample

3D-genome Interaction Viewer
hg19 Hi-C Capture Hi-C Cancer Hi-C~ Statistics Download Tutorial Contact Us
Ep{y M g

~—~—— database

Hi-C

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

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

LU ULIASUURL- 2522 ) UEKal e U Ias Ul e 2411
O fibroblast(CRL-2522) dexamethasone 32h
O fibroblast(CRL-2522) dexamethasone 40h
O fibroblast(CRL-2522) dexamethasone 48h
O fibroblast(CRL-2522) dexamethasone 56h
[ 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
O H9 Human Embryonic Stem Cells b

Click to choose sample

> Input bait > Interaction range

Bait : 2Mb v
(Ex. CROCCPZ, 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 sample(s)
L NMUTURIES UL RL- 2022 ) USAGITIELIASUINIT 2411
O fibroblast(CRL-2522) dexamethasone 32h
O fibroblast(CRL-2522) dexamethasone 40h
O fibroblast(CRL-2522) dexamethasone 48h
O fibroblast(CRL-2522) dexamethasone 56h .
0 GM23248 (primary skin fibroblasts)
H1 Embroynic Stem Cell
H1 Mesenchymal Stem Cell
O H1 Mesendoderm Cell
OH1 Neuronal Progenitor Cell
O H1 Trophectoderm Cell
O H9 human Embryonic Stem Cell Line, Heat shock condition
O H9 Human Embryonic Stem Cells 5

> Input bait > Interaction range

chr1:60000000

Insert ID of Gene/SNP or genomic coordinate I

Remove samplefs)

Click button to add sample I

i,

> Selected region(s)

- Sample Bait
o H1 Embroynic Stem Cell chr1:60000000
o H1 Mesenchymal Stem Cell chr1:60000000

)

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)
LT UDIASUURL-23£2) UEAAINEUIGSUIIE 2811
O fibroblast(CRL-2522) dexamethasone 32h
O fibroblast(CRL-2522) dexamethasone 40h
O fibroblast(CRL-2522) dexamethasone 48h
O fibroblast(CRL-2522) dexamethasone 56h .
O GM23248 (primary skin fibroblasts)
H1 Embroynic Stem Cell
H1 Mesenchymal Stem Cell
O H1 Mesendoderm Cell
O H1 Neuronal Progenitor Cell
OH1 Trophectoderm Cell
0O H9 human Embryonic Stem Cell Line, Heat shock condition

O H9 Human Embryonic Stem Cells it
> Input bait > Interaction range
Bait: | chr1:60000000 2Mb ~

(Ex. CROCCP2, chr22:27141000, rs42)

Remove sample{s)

> Selected region(s)

O Sample Bait
o H1 Embroynic Stem Cell chr1:60000000
o H1 Mesenchymal Stem Cell chr1:60000000

Example Run

S
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Step 5 : Adjust comparative heatmap

Comparative heatmap of interaction frequency between 15t and 2" samples.

Arc-representation of significant interactions in 1st sample

‘LA wainisd .

RefSeq Genes and super enhancer annotations

Description of selected interaction

Step 5a : Synchronized criteria change

58,000,000 52,400,000 52,800,000 59,200,000 58,600,000 60,000,000 60,400,000 60,200,000 1,200,000 61,600,000 62,000,000
| | | | | | | | |

10.0—

|20
Distance normalized Interaction frequency : 1.76
h SN S 4 oaaar B, . u - v ¥ dqo0
|l oo
(Bias-removed Interaction frequency) (Distance normalized Interaction frequen

0.0k

10.0—]

60.000.000 ) -
) ) . e 20
Distance narmalized Interaction frequency - 1,46
: ’ <% —10
0.0
[Bias-removed Interaction frequency) [Distance normalized Interaction frequen

— | )

SE_33042
SE_33042

- 89 -



Step 5b : Adjust the heatmap color range

H1 Embroynic Stem Cell

H1 Mesenchymal Stem Cell

save as Images

Ro¥ gy
5. 0

Heatmap close

3X

Zoom in

"..

"

B
4 - 4 < 2 N
p SRS x ‘an bés' %” .

he2R -1 rhel 58 257 NN-A2 257 000 Y

Step 5b : Adjust the heatmap color range

H1 Embroynic Stem Cell

I

H1 Mesenchymal Stem Cell

save as Images

Heatmap close Graph close
Zoom in 1.5X | 3X l Zoom out 1.5X ' 3X l

v|bp [Refresh]

‘  —

0

Heatmap resolution ] 20,000
EE—

-2
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Step 5 : Adjust comparative heatmap

Zeomin | 18X x Zoomewt 18X 3 ' Zoomin 18X n et $x n
[ V] [Em) B I LT
— - e—— — - e—
e

2

W

L g "4 3 I*
o T e

¥

&8
IO Tha.

Cancer Hi-C Analysis

1)
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The impact of large scale structural variations to cancer 3D genome

Genomic Deletion

._, Enhancer.. ______Promoter

Hi-C pattern

- ” T, e,
AB CD

v v
Breakpoint

Normal TAD M l Deletion
AB | CD g
Enhanéer . Promoter
SV-driven TAD & .
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

[/‘ ﬂ\.‘
. & N
~N &
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Module I. Pre-called SV and 3D genome

Sample | Chrom1 | Breakpointl Chrom2 | Breakpoint2 | SVtype | Orientationy
14-442T7 chré chré INV 3to3
14-442T7 chr6 chré INV 5to5
14-442T |  chré 75343990 chré 125216780 DEL 3to5
Showing 1 to 3 of 3 entries {3 Previous . Next
Click SV to visualize
4
(Sample ) SNUCRC_14-442T
\Semple) Color scale
i
0 1867
§t 10Mb
SNUCRC_14-442T 500kb
Color scale
W ¢
0 295
s SMb

Mb 140Mb 145Mb

chr6:60000000-75343990— chr6:125216780-150000000—
(25Mb)
| | R
encode LR _REN ___REEEN B BB B _BR B __ BB _____________ NN N _HREES @
' LA RERRREE RE R B R R R RE R B R R R R

10Mb

Click chr6:60Mb-150Mb :
v
500kb
SNUCRC_14-442T Color scale
O —
0 1867
SMb

Hi-C contact map
__after deletion

: chr6:60Mb-76Mb

g
E
2
g
g
&
o
S
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Module Il. Interactive 3D genome manipulation

LDEL  £HINV £ TRA  £TanDUP £ InvDUP

W
Apply other SV type sequentially SNUCRC_14-442T 500kb
Color scale
o @
- '
0 1867
5Mb

Hi-C contact map
_ after inversion

chr6:132Mb-145Mb &

)
Complex forms of large-scale structural variations

Chromothripsis

e N N
1 <2 =3 =4r 570~ ~i8~9- 10

Copy number
|
|

Single catastrophic event l

Aberrant repair |01

- — Deletion
~— Duplication
. . - HH Inversion
lost fragments —TT Inversion

Estimated
copy humber
— W~
I 1
I 1
I 1

— - D)
0 20 40 60 80 100 120 140 (Mb)
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Modaule lll. Complex SV and 3D genome

chr19:1-11064109:chr17:7858769-83257441
¢hr20:1-17070762;chr19:14867959-58617616
chr17:1-6643610:chr20:18560020-64444167

‘h Ty
Chr]' g9

] Choromoplexy
Der17. Sm

Der1 NI B
Der20M 81

SNUCRC_11-927T . 32&'&
—

@]
I ] I
0 437 874

Module lll. Complex SV and 3D genome

SNUCRC_11-927T 500kb

Color scale
om @)

o1
0 437 874

Weight score
K o
Fd N 0 15 30

chr20

44,00Mb 6.50Mb 45.50Mb
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Question #1

. 3D genome organization in various cellular context

3D chromatin reorganization of macrophages after Flu infection

Untreated Stimulated Infected (IAV)
HM\& Read-through
—) —> —
Gene Gene =5 Gene U ",\ S
NS1

A compartment
(permissive/active)

B compartment
(inert/inactive)

Mock (uninfected) Influenza (1AV)

& CTCF & RNA polymerase |l ™ Transcription start site
b4 CTCF motifs  +~~= mRNA o Transcription termination // \\\\\
) Cohesin -~ read-through RNA NS? Influenza A NS1 protein R ) N )
)

vy
N4
Heinz et al., Cell. (2018)
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Q: Does 3D chromatin structure change according to virus infection?

A IFIT Iocus
MDM +
chri0: 90 750 000-91,550,000 — 200 kb—|

IAV: Influenza A virus
Sample: MDM (monocyte-derived
macrophages)

Target bait: IFIT locus

5 ihskb

o
o

q, p
e
]
g
22
5.8
€8
28
—
52
Q-s
2s
S=
g2
@
o
[~
e

32
16
0

HIFAS CH25H| i PANK1 E/
LlPAI’ r_jn_zFlT‘i BH MIR107 KRMP1 .

IFITS) &~ SLCIBAT2 Heinz et al., Cell. (2018)

Question #2

1 N\

E i.-"/u )

N4
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2. 3D Epigenome change by drug treatment

Pre-determined 3D chromatin structure strengthened
after drug treatment by recruited TFs

M Dex-induced gene M Dex-repressed gene
0GR 0AP-1 = EP300 eH3K27ac

Seed . 12h
A549s Split (Confluence) gh 4h 1hOh o .
. , . L 1. in situ Hi-C
I (x 2 technical + Dex
replicates —_— <]
p ) .0 S
—

W DEX treatment x 4 biological replicates

4R\
D’lppolito et al., Cell Systg\.@{b/ﬂ"S)
69" °

Q: Does 3D chromatin structure & TF peaks change according to drug treatment?

Log,(F.C.)

0 045

Sample: A549 lung cancer cell line
-04h 100 nM dexamethasone
-00h 100 nM dexamethasone

+NR3C1 glucocorticoid receptor
(GR) ChlP-seq

chr19 39.1 Mb ——50 kb 39.6 Mb

TADs
= e — —
5 e - — N NS Target bait: ZFP36 locus
5|°[12350 L) e J_J_J L D
o 5| Data: A549 Dex_practice
ﬂ-_,l’(_'} 4620 l
d B i
= 350
Ogls
z[:;o e e et A A b b et h
Genes H A—fi || N ([ B D R
P/{PL GA}FG ZFLB; PLEKHGZKDLL‘?

4

e

~

Ay
D’Ippolito et al., Cell Systg.\\f’(}i-" 18)

AN

https://dl.dropbox.com/s/bkudsug5sexkzms/A549_Dex_practice.zip
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Example Answer for Q1

1. 3D genome organization in various cellular context

Example with visualization module)

Sample: MDM (monocyte-derived macrophages), infection time 12hour

Bait: SLC16A12
Genomic range: chr10:88,990,243-89,790,243

TAD: DI(window size=500kb)

Mock Flu infection

Disrupted interaction

- 99 -



1. 3D genome organization in various cellular context

Example with Comparative module)

Sample: MDM (monocyte-derived macrophages), infection time 12hour
Mock vs Active Flu

Bait: SLC16A12

Genomic range: chr10:88,990,243-89,790,243

TAD: DI(window size=500kb)

L e [ ot o
[ soveos g | [ testmapdee | cophiose | cermcioe |
Zoomn (0Sc)Csc) Zeamo {1SKU) oSx )

Heromap resoson (S5 [FER]

mock— — —F]U

~. \
.\‘
J’::...

1. 3D genome organization in various cellular context

Chromatin Interactions are disrupted when Flu infection occurs

I

|

|

|

i mock
Nl

|

8
- e

ookl .‘M!Iln.\l\ll\‘\IH\H |HH
Ineraction frequerey)

H‘HHIHHIHH
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Example Answer for Q2

2. 3D Epigenome change by drug treatment

Sample: A549 00h 100 nM dexamethasone & A549 04h 100 nM dexamethasone
Bait: ZFP36

Comparative interaction module

Heatmap resolutin [20.000 _ v]bp

gion to zoom

76
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2. 3D Epigenome change by drug treatment

Sample: A549 00h 100 nM dexamethasone & A549 04h 100 nM dexamethasone

Bait: ZFP36
Comparative interaction module
Genomic range: chr19:39,090,000-39,580,000 (hg38)

Resolution adjusted to 5kb
Heatmap resolution [S000 v]bp

7

2. 3D Epigenome change by drug treatment

Enhanced chromatin interaction after 4hour from Dex treatment

MJ!,...» -

Adjust
0.0 4h
.. ...I ..,,-I |‘mmm|m-\—-rm1nﬁ»ﬁ
arie 21w — 306 Mo . H ‘
TADs e
\'\._‘___‘__./\_‘/‘ \\_// aoJLLLLITINT] || (NUNEREEF ..|.!i..: Py

5|=[|| L S ol B \ ' =

{ 33 ) k ‘Zzéj[
T d
§5re &%‘\ %
% 4[.;]. T A PR N ,.II__ A S E e
Q Lo i aii bl b e -lhhl e Ty -
£ :
Genes B oA— |11 i et DR 0 T .

PR GA:FG ZF:’JS\PLEKHG?\DUJ . NS . e - .:i""“”‘“"""-‘*‘.*I’--w-—w»q»w‘u:

[T
~%wa
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2. 3D Epigenome change by drug treatment

Run MACS scripts with treatement & control bam files as a pair (Watch out Ohr/4hr sample swap)
BAM files are provided by TAs

(1)Input 1: treatment BAM

(2)Input 2: control BAM

(3)Output: Set output folder to any exist folder in your workspace you want

™, Werkspace| &3 Serpt| c=o0o| CBeEo® e

1 4k Palette

L N T . .
v + CF Bionformats Input : bam (treatment and control as pair)

> ¥ BS512_practice

B Gompmermn O Araes WG e Ouput: macs_peaks.narrowPeak

v (E peak_caling i
B macs_peak_calling =

REAad

Shared Pipeline
*  Register Pipeline

ki *  Load to IGV

®E HKM: [ macs2 v] @& @
+ ’ +z0un 52 (1)macs.peaks.narrowPeak
. Lmacs modelr 2022-07-18 2% 829 RIY
* I E EEI 2022-07-18 2% 829 NARROW
- | macs_peaks xis 2022-07-18 2% 829 Microsoft (2) b a m
2022-07-18 2% 820  BED I H
wpma e ’ *  (3)bam index
-
o=z
L]
yec
< >
yeqa M OI&N): [macs_peaks.namowPeak v =@
DEENT: ([REDEGA - 5|

79

+» IGV will automatically load BAM index file for selected BAM file

2. 3D Epigenome change by drug treatment

IGV showing 4 bam files and 4hr narrowpeaks (Ohr has no peaks)
Adjust the scale to 0-35

Cl e - £

File  Genomes  View  Tracks Regions Teolt  Help o o .
|m..u..cammm - | chria | 9,20 -1 N L5 G i <« » & 0O =T | B g &5
]
e — T ] S —— —
T »l LAY LA ol al. al i Ll L
1 kb
a0 Ll Rl L BT Ll A LECS Ak
1 1 1 1 1 1 1 1 1 1 1 1 ] 1 1 1 1
CMIP_NRIG _awthe_Rep!_te - ==
Py
v 4h treatmment‘
NI NRIET Bribe_Mnp1_ta !
...............
ﬁ;m._‘.u-xn_“hum___@_*._ i abiaii i b FTWOTY 1T ST W O or T G W R S
4h control ‘
CAIP_NRIGY_Brrihe ma1_sen
....... i Covonn
- A b hacd ek okioiad b bdas da bk 2k PP I DT T O ¥ DTV RO GO B I YO o | W VR W e
=
calp N1 v o sh Oh treatmment‘
s adich i Drvins
e . - PR . SR PR S N i S WS aa P PR S S S S s e, -
(]
Cap_NRIE_Buetb g8
e Ve Oh control ‘
s L e e il et Ak o a Lo el B v = L L o ey LS
s & o ——— e R — — -
R MEBS e LS PLERHGY

80
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2. 3D Epigenome change by drug treatment

Compare with the original figure.
4h treatmment - ‘ ‘ ‘
L e el e sl ____LL_.“_._J_N b Ml e 0 - 2 S e
4h control ke
W - al M il ons st o uon oo tibbiiih LB diiaaidibe brailos 3 o Lo s =
Oh treatmment
Oh_(;or-ﬂ;rgl . o o [
b e e s e o ! T P VT ey |y TR ST P R g T TR N T N Y NS PSS S T PO R TH PRy o
T 1 Froiry -_I i—'”__l’ -—I-I—._-II—H—I— l-._'—._._.—-hu
= ZUUU
=
o o
% % —[+B20
i
a 3. .ﬂ._ﬁ,,,v_,,__.ﬂ_..,,v.._,tl. R
= - - 1350
© S QLMMMM
()
il o BN OR Y LTV S
<L 420
Genes tH H— N 11HH+HH—HHHPIIHH-HI1HH Hlil 1
PAPL GMFG ZFP36 PLEKHG2 DLL3
81

2. 3D Epigenome change by drug treatment

Use genome track formats for better visualization

chr19:39,090,000-39,580,000 (hg38)

NR3C1 peak

50kb
— after 4hour Dex treatment

4h CHrl alietl st

5kb coverage

Oh GR i

Oh Cirl pmumelislinsstestieentiie e
GR peaks ]

el e Ll - L) ® tulm G0 - el & L LR
ACP7 PAK4 NCCRP1 IFNL2 GMFG ZFP36 DLL3 EID2
'Significant differential interactions
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