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] Sequencing techniques e

Genomic sequencing: (DNA)

WGS, WES, Single-cell Genomic Sequencing

Transcriptomic sequencing: (RNA)

Total-RNA-seq, mRNA-seq, small RNA-seq, Ribo-seq, circRNA-seq, single-cell RNA-seq

E/pigenomic sequencing: (Modifications) \
DNA-methylation (WGBS, RRBS, MeDIP-seq)
Histone-modification (ChlP-seq, CUT&RUN, CUT&Tag)
Chromatin accessibility (ATAC-Seq, DNase-seq, NOMe-seq)

\Chromatin Structure (3C-seq, Hi-C-seq) /




o Epigenomics ]

What is Epigenomics?

» The study of the complete set of epigenetic

modifications on the genetic material of a cell.

» DNA methylation and histone modification are two
primary examples of processes that result in epigenetic
modifications to the genome. The changes linked to
these processes can accumulate through person life

and can be passed from one generation to the next.

DNA methylation

Methyl marks added to certain
DNA bases repress gene aclivity.

Histone modification

A combination of different
molecules can attach to the "tails’
of proteins called histones, These
alter the activity of the DNA
wrapped around them.,

Chromosome



] Epigenetic Sequencing e

Epigenetic Sequencing

1. DNA-methylation (WGBS, RRBS, MeDIP-seq, single-cell WGBS)
2. Histone-modification
(ChlIP-seq, CUT&RUN, CUT&Tag, single-cell CUT&Tag)
3. Chromatin accessibility (ATAC-Seq, DNase-seq, NOMe-seq, single-cell ATAC-seq)
4. Chromatin Structure (3C-seq, Hi-C-seq, single-cell Hi-C)

5. Multi-omics analyses and applications
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DNA methylation (the fifth nucleotide: methyl cytosine)

NH, @
SN SOGG:‘OOGﬂ’

NH,

Nucleosome S N

| C/gﬂethylaﬁon C)\
DNA )
N"So - TNTTo s MO0 @@ mE-°
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/ base pairs: E
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: E
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Young Aged Young Aged Young Aged
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List of symbols

S=GorC
*S represents bases that form strong hydrogen bonds,
specifically G (Guanine) and C (Cytosine). G and C pair

Symbol[z Meaning/derivation Possible bases  Complement

A Adenine A T {or U)

© Cymsfme © © together with three hydrogen bonds, which is stronger
G | Guanine ol |1 compared to the two hydrogen bonds between A and T.
T | Thymine T A Hence, S is used to denote this stronger pairing.
U Uracil U A
W | Weak A T S W=AorT
S  Strong ClG w *W represents bases that form weaker hydrogen bonds,
M aMino & AlC K specifically A (Adenine) and T (Thymine). Since Aand T
S 2 form only two hydrogen bonds, which are considered
Bl -1 . - Kk d to the three hyd bonds bet

R pne  [EIS ARE v ANB DREERF] weaker compared to the three hydrogen bonds between
v - - 1= . . G and C, W is used to represent these bases.

pYrimidine I]Luz.f d y L
B not A (B comes after A) T v E m h u a .
D not C (D comes after C) A T 2 H m m Q ﬂ Q m
H not G (H comes after G) A T D ,
v not T (V comes after T and U) | A B B . m \‘ m m
N any Nucleotide (not a gap) A G T4 N ~
Z Zero 0 Z E
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DNA methylation

A Gilobal bimodal CpG and 5mC distribution

% %oqeeeete Solb ¢

Promoter
CGl

B Promoter methylation

C Transposon silencing

et e e oor
el oteeil, o, Lres oo

D Centromeric repeat methylation

% %ooRRt % % tuopeceth TL_tb

Orphan (intergenic) Promoter
CGl CGl

F Genomic imprinting

Insulator

o L P SR [Ses

BEES5EEEEE-

E X-chromosome inactivation

© methylated CpG O unmethylated CpG
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DNA methylation

Methylated DNA
L X X NeNeoX

Methylated CpG

Unmethylated CpG

'
LN NONON J (i)

Methylation
DNA maintenance

replication DNMT1

G 5
%l Hemimethylated DNA E
2 z
U [ & eeecoe I | (Biumk
i :
2 s | [onmrss |
Wel | & TILLIILI ¢ | [owwms
= S
. <
0
= Passive DNA Q

demethylation

Unmethylated DNA
oNON®) ON®)
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1.1. MeDIP-seq e e
AIPM"TI&? TDHNEETDHMEEIHIN

.. ; ] » Methylated DNA
Methylated DNA Immunoprecipitation Sequencing

» Sonication and Denaturation

(MeDIP-seq) is a high-throughput, antibody-based Mo
/ CG/\V\CG/\

method used to study DNA methylation at a genome-
Y d J PaVANE VAVAN

wide scale. Unlike bisulfite sequencing methods (e.g., V\ch\\/\&;/\

WGBS, RRBS), which detect single-base resolution ﬂ > Methylated DNA Enrichment by
5mC Antibody Immunoprecipitation

methylation, MeDIP-seq identifies methylated regions “

(methylomes) based on enrichment rather than base

Js
conversion. /? i ?

CG/\ \/\CG/\

\/\c;:?‘

» DNA Fragments: 100-300 bp
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1.1. MeDIP-seq

Methylated DNA Immunoprecipitation Sequencing
(MeDIP-seq) is a high-throughput, antibody-based
method used to study DNA methylation at a genome-
wide scale. Unlike bisulfite sequencing methods (e.q.,
WGBS, RRBS), which detect single-base resolution
methylation, MeDIP-seq identifies methylated regions
(methylomes) based on enrichment rather than base

conversion.

» Sonicated DNA

\/:/:—\//\\ \/:/:—J/\\
N N
;(fmc Ab
__-CG___
B
| O
= —
-

» Whole Genome Amplification (WGA)

» Input » Methylated DNA

RN

» Real-time PCR » Microarray » Deep Sequencing
Hybridization
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PCR can not maintain 5mC on the amplicons
1.2. WGBS

Whole Genome Bisulfite Sequencing (WGBS) is a g GG 2 G

gold-standard method for analyzing 5-methylcytosine
(5mC) modifications at single-base resolution across
the entire genome.

I § g o
N HaC X
| K thylati
ethylation
N O
H

N
N ] NH, 0
/& 5 _NJ N N
1IN NT HN Sequence/PCR

ARG 100108

Cytosine 5-methyl| 2 \N 4~N7g \N N™ N \N N
Cytosine 3 H H 2 H o G read S
= BREERS , A SEK , G

Compare with reference genome

4 0 NH, 0
3N )5 HN Ngj Hﬂ)j’c'*a G Go é G Ref
Uﬁ] A Ay

EENE RErE |, U FEEENE , C FORRIZIE , T

Bisulfite convert

TR —g =i
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1.2. WGBS

Key Steps
1.Genomic DNA extraction

2.Library preparation (Fragmentation, adapter ligation,
Bisulfite conversion, PCR amplification)

Genomic DNA isolation @

l

DNA fragmentation

l l

End-repairing, A tailing

l

—

>

3.High-throughput sequencing (Usually [llumina platform) l l

4.Data analysis (Alignment to reference genome,

methylation calling, and visualization)

Adapter ligation =
Bisulfite conversion

PCR amplification

l

Quality control

l

Sequencing Ready for sequencing

111
L g - €«—
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1.3. RRBS

Reduced Representation Bisulfite Sequencing

(RRBS) is a cost-effective targeted bisulfite

Random fragmentation Restriction enzyme digestion
sequencing method used to study DNA Nehe — ] ,I,T'v"
methylation at a single-nucleotide resolution. It |_\, ket
selectively enriches CpG-rich regions, such as \ /
. . . Library preparation
promoters, enhancers, and CpG islands, making it u v I;« l
OO0 OO TOGG w—CCGA TOGG mm—CCGA
.. . . . GOC GG ™ AGCC =mm GGCT—+ JRAGCC === GGCT
an efficient alternative to Whole Genome Bisulfite o ol AT
Sequencing (WGBS). |
Size selection
. . . . :UEE
restriction enzyme digestion MSPI o -
—-— =)

2 v )
5...CCGG...3 ,
3 GG CAC 5 T O

Deep sequencing
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1.3. RRBS
Feature MeDIP-seq WGBS RRBS
Resolution Region-level (~100-500 bp) Single-base Single-base

Genome Coverage

Whole genome (but biased toward methyl-rich regions)

Whole genome

CpG islands (~1-10% of genome)

CpG & Non-CpG Detection

Yes (CpG & CHG/CHH methylation)

Yes (CpG & non-CpG)

X No (CpG-only)

Sequencing Depth

Low (=5%)

High (~30%)

Medium (~10x)

Input DNA Low (~100 ng) High (=500 ng) Low (~10-100 ng)
Best For Global methylation profiling, cost-effective Comprehensive methylome analysis | Targeted CpG methylation
Cost Low ¥ High Medium
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1.4. scWGBS
Step 1 Step 2 Step 3
Single-cell Whole Genome Bisulfite Sequencing SRS glign 1. tagging 0"%?13 g‘gg‘”g
90%’:"
(scWGBS) is a high-resolution single-cell . 5 3
Single-cell 5 3
epigenomics method used to profile DNA isolation | ‘X4 95 °C l(N)9—5' l(N)g—S
methylation at single-base and single-cell levels. It Lysis g <y S 5
. o . (@ Exo | and o 5
combines whole-genome bisulfite sequencing BS P PCR and
_ _ _ . _ conversion 1 o indexing
(WGBS) with single-cell isolation techniques to study o8 ¥, 5= & o =
5 3 5 3 —
& 3 5 3 -1

cell-to-cell heterogeneity in DNA methylation, which
is critical for understanding development, cancer,

and epigenetic regulation.

Smallwood et al., Nature Methods, 2014
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scRRBS
1.4. scRRBS
/ @Singlecell
ﬂCelllysm
] ] ] - - w Genomic DNA
Single-cell Reduced Representation Bisulfite Sequencing | P rpert
(scRRBYS) is a targeted, single-cell epigenomics technique < c | n— -
that profiles DNA methylation at CpoG-rich regions, such as [T =
. . : . N\ rocs —% ——
CpG islands, promoters, and enhancers. It is an adaptation el I ﬂ | _“”%
of RRBS for single-cell applications, making it a cost- N e~y
| . | | N, e —
effective and efficient method to study epigenetic [] roncsomen
heterogeneity across individual cells. . =
1

Hongshan Guo et al., Genome Research, 2013
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1.5. Data Analyses babe ‘ |
Sequence
Pl eline @FORJUSP@2AIWD1
p CCGTCAATTCATTFEAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGT
+
!:| 9@: :::??@@: : FFAAAAACCAA: :: : BB@@?A?

.l\AAA/-\AAAAAAA:L
4

FASTQ — [&i#z (FastQC, Trim Galore)

Q scores (as ASCII chars)

!
EbxgE|SEEREZH (Bismark) _—

l Base=T, 0=":"=25
IREVERE{L /K (Bismark extractor / MethylDackel)

l

SEREMAS thylKit / DSS [RE=H ‘

[ AT (ethylKit/DSS) B EREERHESELE, BHIEs
IHEEFR S &S (annotatr / clusterProfiler) "'-%"HQIEF: o

. Fas

« Trim Galore!
« fastp
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Bisulfite conversion

1.5. Data Analyses

) . Watson >>AC"GTTCGCTTGAG>> ™ methylated
Plpellne Crick <<TGCrAAGCGAACTC<< C Un-methylated

FASTQ N Ei—j:f,_\é (FaStQC, Trlm Galore) 1) Denaturation @

!

. atson >>AC"GTT TTGAG>> Crick <<TGC"AAGCGAACTC<<

L xdZ s EFEE (Bismark) e oL

l . 2) Bisulfite Treatment ﬂ
IRENERE(L/KEE (Bismark extractor / MethylDackel)

! BSW >>AC*GTTUGUTTGAG>> BSC <<TGC*AAGUGAAUTU<<

SFEREMSDH (methylKit / DSS) il
l 3) PCR Amplification

LBITTR =R AN\ :
Ibﬁbli;h:l_ﬁEDD*ﬁ (annOtatr/C|USterPrOfI|er) BSW >>AC"GTTTGTTTGAG>> BSC <<KTGCrAAGTGAATTT<L

BSWR <<TG CAAACAAACTC<L BSCR >>ACG TTCACTTAAA>>

ALk TR SR EIEE~90%MCE AT, SEIEKS
SEERNAFYEEARLE, fRAELLXTEE (WBWA, STAR)
TEBEEFEA,
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Ev3st: Bismark

1.5. Data Analyses _ _
. . genomic fragment ...ccgch:atgtttaaaclgct...
Pl pel Ine sequence after bisulfite
traaiiont 'I‘"r/GGCATGTTTAAAC?
o .
FAlSTQ — [&fE (FastQC, Trim Galore) o . s e
| l
\ AN i~ i
tlﬁfﬁ:ﬂ%«% =FE4H (Bismark) TTGGTATGTTTAAATGTT TTAACATATTTAAACATT
: (1) ™ (2) e
IZENEREKE (Bismark extractor / MethylDackel) 7 o i
! :’:;;;—.::: converted genomes
ZS2REML ST (methylKit / DSS) L @
l v o A 9
— . ~ttggtatgtttaaatgtt.. ..ccaacatatttaaacact..
HeE R 58551 (annotatr / clusterProfiler) ..aaccatacaaatttacaa.. ..ggttgtataaatttgtga..
forward strand C-to-T converted genome forward strand G-to-A converted genome
(1) (2) @) @) read all four alignment

outputs simultaneously
to determine if the
sequence can be

g Al

S L] v &

determine unique best alignment
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AEAA SR
1.5. Data Analyses Bismark methylation_extractor
Pipeline
Bisulfite sequencing results(oxBS Lib):

FASTQ — &% (FastQC, Trim Galore) Resds 1 O e

l 2 :::2 5 Q Methyl ratio of C1 = 1/(1+4) *100% =20%
ttfjé”%%ggﬂ (BIS ma rk) 2 :j:: g 8 » Methyl ratio of C2 = 4/(4+1) *100% =80%
IREVFRE{L/KSE (Bismark extractor / MethylDackel) °c ¢ G

l oT
ERFRLBH (methylKit / DSS) | |

! s BEMNFEKPNNAERTRE:
INEE TR 58S 51T (annotatr / clusterProfiler) - WMRZEC WHRAEERMAMPEREFEKL, BIREL,

* WRET HBPERACTEHERAT, BIRBEEL.

Ll R i o
*CpG_context.txt: 2 rH CpGh R VR E ST,
Fex NE O LFTX HREMURES BRBERE HBEMEH RBPEMEH

chrl 3000821 + cG CG /0 32 38
ISR 2 B 4 B R B L H R IR 7
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1.5. Data Analyses

Bisulfite #4{La X
WGBS 345 BS 403 C->U (T) E{LNERA=Z 100% By, #HALKMAE D C =
Frld BS &L Rt 2 IREERIEFR.

AR ES,

1. Lambda DNA: ITTE# A RBEERZELRSAC A FENLE DNA,

2. CHH, CHG

-

DNA methylation Ratio

© o o o =
N s 3 O

o
o

CHG CHH
| 1.0 1.0
0.8 0.8
' 0.6 0.6
0.4 0.4
0.2 0.2
10.0 0.0
Young Aged Young Aged Young Aged
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1.5. Data Analyses
AEAERITE

B
C 60-| W scTrio-HepG2
M scRRBS-HepG2 751 80
) 3 .
< %’ Liver_bulk X
% 40 B 50, BulkRRES HCC_bulk ';g: 60
= .5 Average (sc) S / HCC_bulk _Cl
5 © &% (for the regions o
= = Bulk_RRBS also detected '% 40
© £ 55 (forthe regions “% by scRRBS) 2
> 2 also detected Do £
= 20- by scRRBS) Average (sc) [0}
[} § = 20 — Liver_bulk  — HCC_bulk
= 8 < <7 — HepG2_bulk — HCC_Average(sc)
% 0 - g — HepG2_Average (sc)
- HepG2 HCC Up TSS Gene TES Down |
0 =3 0, 0, 0,
‘% O@ 4)@ 4)& 6_‘,_0 (746 (41’ ();? @/4’ 15kb 0% 20% 40% 60% 80% 100% +15kb
7
%, %o, 5, 2 S ¢
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1.5. Data Analyses

DNA methylation reprograming

~
33
b »@ . ‘Gonadal somatic cells__
A»]oo_ \_ (91.5%) - --="" (91.8%) ‘H'L—_"“-——ﬁ... ______________
5 Sperm a (86.1%) I IS * Sperm
g 80 ] JJ/ “\ 'I Af/
S (72.0%) N : ! . 2
= \ ™ : R
T 60— @ . \ ':/\_i”_\.f/ﬁ : .’ 0)
2 . v X\mt' : . N Oocyte
= Qocyte J \ PR 1 N ' !
S I \ - e : !
S 40+ | | _--"" Gonadal FGCs ~~-_ ! '
> | A e T~ 1 !
£ (43.0%) @ - ', ! 3
£ 20 : Noa .. ! K
%: B|aStOCY§It (19.4%) S (11.7%)  (9.0%) (10.6%) T a K N "’:/’
a | == it )
0~ : oy (78%)  (6.1%) (6.9%)
| /. >
Weeks | T 1 1 T L | 1 ”
post-fertilization g 1 '23 5 7 10 11 13 17 19  Birth
8 S
[ I
E =
(D E
o
E

FGC: fetal germ cell
Lu Wen et al., Molecular Cell, 2019
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1.5. Data Analyses
RELERETHL IGV

JAL A ;N LI
RANE LN | D AL
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1.5. Data Analyses

RED

Clustering by the methylation level of :

Single CpG

Genomic window (100bp, 1kb, TM)
Promoter region

CGl

HCC-sc#26
Liver-bulk

HCC-sc#06
HCC-sc#22
HCC-sc#21
HCC-sc#20
HCC-sc#25
HCC-sc#13
HCC-sc#15
HCC-bulk

HCC-sc#18
HCC-sc#03
HCC-sc#04
HCC-sc#16
HCC-sc#12
HCC-sc#19
HCC-sc#02
HCC-sc#07
HCC-sc#23
HCC-sc#14
HCC-sc#17
HCC-sc#08
HCC-sc#10
HCC-sc#24
HCC-sc#01
HCC-sc#11
HCC-sc#05
HCC-sc#09

Pearson correlation

1.0
0.9
0.8
0.7
0.6
0.5
0.4
C
50- ‘
) °
. _"-uF
0 - . .>-'
? Bg
X
=
o~ L
£ >
=
>
-50 -
< e HepG2
< » HCC-sub-pop |
u HCC-sub-pop Il
-100-
=75 -50 -25 0 25 50

Dim.1 (8.1%)
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1.5. Data Analyses
ErHEAXE

Chr.1: 6,224,101-6,224,401

N CNV of subpopulation
[ ANEENENN | ||| 11 IICNV of subpopulation
I1 [HT T 1o ! I [ HCC-bulk

[l . | NN ENENE 'l HCC-sc#06

’ “OEEm HCC-sc#13

— 4 cell

1
|
1
1

1
1
1
|
5
1
-
1
o 18
Q0
(ole}
oo
&8
=0
(=]}

I
I
I
1
=
[
I
I
I
1
=
o0
(ele}
73
R%
N—=

- 8 cell

I
1
;
-
EX
0
lo}
@
%
N
W

Lgry
%ﬁ%?
OI!)'I
4

804

W
@ ’
0bTULL ]
N
¥SY-VYXOH
TR
13V

ZL¥00DNIT

543210

8-CXIN
eXLId
SSdBLLEN
ssgyg
PONOVO
ZHO0dS
G9HOLD

L
= LONWLS

N S
£4S730
20Q5IN

U
N
1
-

Z-score Digital copy number
@® Methylated (O Unmethylated
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Epigenetic Sequencing

1. DNA-methylation (WGBS, RRBS, MeDIP-seq, single-cell WGBS)
2. Histone-modification
(ChlP-seq, CUT&RUN, CUT&Tag, single-cell CUT&Tag)
3. Chromatin accessibility (ATAC-Seq, DNase-seq, NOMe-seq, single-cell ATAC-seq)
4. Chromatin Structure (3C-seq, Hi-C-seq, single-cell Hi-C)
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Histone Modifications Lysine (K)
Serine (S)
Histone modifications, such as | 5 1215 2827 23 18 4,
methylation, acetylation, phosphorylation, B—E-g 36 __SKK K g 10
S Ac Ac pc K & PAc Ac Ac ro ®g
and ubiquitination, regulate gene Ac Ac Me Ac 5 AN\ 4
. ) Me '\ £
expression and chromatin structure. RNF20/40 — R /v o,
L,J(b SETD23 EZH2 gerpBt1 [
: 120 NSD1/2/3 SUV39H1/2 SET1A/B
Ub MLL1/2/3/4
RING1A/1B ~ &

SET8
SUV4-20H1/2

vos”

Ac Ac

| 2A-HUB

Ac Ac

H3

D

Crystal structure of the Me :n'l 1 3 5
wn;ptd with mm:ﬁa:‘ﬁm q—?‘ g‘? @ @ @\’@(’O‘@ ’ 5 9 1 6 1 2 8

)
K120
H28

Me Methylation Ac  Acetylation Ub Ubiquitination ® Phosphorylation

©

H2A
Ki19
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Histone Modifications

1. ChlIP-seq (Chromatin Immunoprecipitation Sequencing)
2. CUT&RUN (Cleavage Under Targets and Release Using Nuclease)

3. CUT&TAG (Cleavage Under Targets and Tagmentation)
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2.1. ChIP-seq | s
DNA + bound protein Fragment DNA Immunoprecipitate
genomic DNA afiibod
Chromatin Immunoprecipitation Sequencing (ChlP-seq) is W 0= *m e =5 >
a powerful technique used to study protein-DNA interactions et ffv
on a genome-wide scale. It combines chromatin S ;
. .. . . . . equence repare
immunoprecipitation (ChIP) with next-generation sequencing M EEETCe . sequencing Re'easeDNA
(NGS) to identify binding sites of DNA-associated proteins, e e . (_li:ry - IR
such as transcription factors, histones, or other chromatin- peaks - RN oA

modifying enzymes.

voaame | LA ] il
- L_A-“LLLMLLLLM. o

%-::: H3K27me3

W ChiP-Seq .........._....“.LL‘“ cm stk o L“‘..

H ChiP-chip MMJL‘M‘L‘AH&-
G—H'H‘H—H

okl o
a‘% 2R %ﬁ’ %.a
Adzpted from sl :1-'-5=t:w‘5m £. Brown, Ph.D., o ] %

Cantar for Health Informat; &B informatics, NYU olof Madicine %,

>,

o

Workflow:
1.Chromatin crosslinking & shearing (via sonication or MNase digestion).
2.Immunoprecipitation (IP) with modification-specific antibodies.
3.Library preparation & sequencing (typically [llumina short reads).
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CUT&RUN
2.2. CUT&RUN Concanavelin A

Coated Beads
P N

pAG-MNase

D A o
CUT&RUN (Cleavage Under Targets & Release Using Nuclease) : /)k\
is an innovative, high-resolution method for mapping protein- Primary Ab
DNA interactions in the genome. It is more efficient and (handpae-Hihase l

requires fewer cells than traditional ChIP-seq, making it ideal
for studying rare cell populations or low-abundance proteins.

2 : . 2+ A
MNase Digestion 1 Activation: Ca? at 4°C

DNA Purification l
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CUT&Tag
2.3. CUT& Tag Concanavalin A

Coated Beads

CUT&Tag (Cleavage Under Targets & Tagmentation)
Is an advanced epigenomic profiling technique that builds
upon CUT&RUN, offering even higher sensitivity and Binding l ps:‘;ﬁd,;’
scalability for mapping protein-DNA interactions. Instead @, e
of using Micrococcal Nuclease (MNase) like CUT&RUN,
CUT&TAG employs a fusion protein of Protein A-Tn5

transposase (pA-Tn5) to simultaneously cleave and tag

Tn5 Tagmentation 1 Activation: Mg at 37°C
PN

DNA at protein-binding sites. @ % - -
145 / B \
‘ \\C&Q .
\ =~ 9 ; “ &Y /

DNA Purification ‘
\Q

o ——
S
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2.3. CUT&Tag
Method Input (Cells/DNA) Resolution Advantages Disadvantages
_ _ _ High background noise, requires
ChlP-seq High (~1M cells) ~200 bp Well-established, widely used o
crosslinking
CUT&RUN Low (~100-1000 cells) ~300 bp High signal-to-noise, no crosslinking
CUT&TAG Ultra-low (~10-100 cells) ~100 bp Direct tagmentation, high resolution Tn5 bias
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2.4. single cell CUT&Tag

A

Barcoding
PCR

()] (o))
£ £
d | -
g 2
0 ..nlu_ c
> O
d et
5 ¥ o
2 = O
E <« £
< a £

¥

Dissociated
cells

(o)
L
o
c
)
=3
o
]
w

DNA library
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2.5. Data analyses

e
FASTQ — [&i#z (FastQC, Trim Galore)
l fastgc sample_R1.fastqg.gz sample_R2.fastq.gz -o qc/
EExsEISEEEA (bowtie2) multigc gqc/ -o gc_report/
!

ZBRPCR duplicate (samtools markdup)

l
ReESthpeak (MACS2)

MPpmE. #L5R. FIESEKE. GCRE. ZRREN

bases,
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2.5. Data analyses

LExIZEIS=EEH
FASTQ — iz , Tri i i i
lS Q = [z (FastQC, Trim Galore) bowtie2 -x hg38 index -1 trimmed R1.fq.gz -2
tlﬁi@?ﬁﬂ%«%ﬁéﬂ (bowtie2) trimmed_R2.fg.gz -S sample.sam --threads 8

ZBRPCR duplicate (samtools markdup)
| samtools view -bS sample.sam > sample.bam

EE{&Impeak (MACS2
JeEXfZ{mpeak ( ) samtools sort -o sample.sorted.bam sample.bam

samtools index sample.sorted.bam
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2.5. Data analyses
EBRPCR duplicate

FASTQ — [z (FastQC, Trim Galore) picard MarkDuplicates I=sample.sorted.mapqg30.bam

tlﬁ%@?ﬂ%«?géﬂ (bowtie2) O=sample.dedup.bam M=dup_metrics.txt REMOVE_DUPLICATES=true
! # 88 chrM

AF#PCR duplicate  (samtools markdup) samtools idxstats sample.dedup.bam | cut -f1 | grep -v chrM | xargs

l

IRE&Hpeak (MACS2) samtools view -b sample.dedup.bam > sample.filtered.bam

# HERR blacklist
bedtools intersect -v -abam sample.filtered.bam -b hg38_blacklist.bed >

sample.clean.bam

samtools index sample.clean.bam
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2.5. Data analyses

Peak calling
FASTQ — [&#2 (FastQC, Trim Galore) g (H3K4me3, H3K27ac %) : MACS2 callpeak --nomodel --
! extsize/--shift B ERIAETL,

tEXI2ISEEEE (bowtie2)
l g (H3K27me3, H3K36me3) : MACS2 --broad. SICER, epic2

ZBRPCR duplicate (samtools markdup)

l

IRB& fhpeak (MACS2)
macs2 callpeak -t ChIPbam -c Input.bam -f BAM -g hs -n

sample H3K27ac -q 0.01 --outdir macs2_out

macs2 callpeak -t ChIPbam -c Input.bam -f BAM -g hs --broad -n
sample H3K27me3 --broad-cutoff 0.1
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2.5. Data analyses [

Peak 5315 Peak 575

Bac rep Dac ropd nonmalized
‘ {
1
" 0 s o
] -

g Gayh HIX0c e

S 30 TS A0

Trel
2 E H3K27ac
s Promoter (<=1kb)
. =Promoter (1-2kb)
Promoter (2-3kb)
UTR5
Exon
Intron
- v v - r ¥ - - - . - . . JUTR3
B RN oS N K SRR S F «Downstream (<=300bp)
SR S e L P S R L e S ‘ s Distal Intergenic
> o o o o o oY o o o o o 4
FEEETTEETETETET
’/ \,\v/ 2 ’/ \q\/ :\/ b/ \b/ b/ \q/ 3/ 3/ .
S ¥ ¢ P ¢ P P »

20 ™ S0 2 TS ok 30 TS som
gme oatance Bp) gene Salance (g Gore dntance e
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2.5. Data analyses

1:‘ I:II:IEI%%E?&

\\

Eiﬁﬁpeak 1% promoter (BImFEEIY B

H3K9ac

sgScramble.rep3 H3K9ac H3K27ac

sgScramble.rep1 o 1_ ’

sgScramble.rep2
sgSap30.rep2

M
n

3

@ @ sgScramble
sgSap30.rep1 . @ sgSap30
@ sgSin3a @ s9Sin3a

sgSap30.rep3
sgSin%a repp2 ® © sgChd4 -1 © sgCha4
: @ o

sgSin3a.rep1
@ -2 _ @ |

| sgSin3a.rep3 5 3 - - 5 7
Sﬁearman correlation PC1(54.36%) PC1(67.29%)

@ sgScramble
@ sgSap30

PC2(15.54%)
o
PC2(12.11%)

—_

e
©
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2.5. Data analyses
Z=Fpeak

H sgScramble sgSin3a %Erpea k;Iﬁ
— Loss| -
? F G

SgSin3a vs Scrmable

SgSin3a vs Scrmable

'S
L

ll4ra

llara

~log10(p)

r
h
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2.5. Data analyses

IGV B
[«}]
= [0-69]
g [0 - 69]
Q
¢ [0-69]
(@))
P 0-69
g - 'y l-_l-ﬂ.l‘_h_._‘_m_“_l.‘_-___
g % sa HL_-__AM.___.
c& - M
N _a &
[0 - 69]
a e o aakeemls hoka.. M. .
[0 - 69]
% ,_J..IIAL___‘..L‘...‘..__._;‘L
‘% [0 - 69]
B e bn ceonlbilinllh .y ool n e okl e .
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Epigenetic Sequencing

1. DNA-methylation (WGBS, RRBS, MeDIP-seq, single-cell WGBS)
2. Histone-modification
(ChlIP-seq, CUT&RUN, CUT&Tag, single-cell CUT&Tag)
3. Chromatin accessibility (ATAC-Seq, DNase-seq, MNase-seq, single-cell ATAC-seq)
4. Chromatin Structure (3C-seq, Hi-C-seq, single-cell Hi-C)
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Chromatin accessibility

1. ATAC-seq (Assay for Transposase-Accessible Chromatin with Sequencing) FAIRE
2. MNase-seq (Micrococcal Nuclease Sequencing)
3. DNase-seq (DNase | Hypersensitive Sites Sequencing)

4. scATAC-seq (Single-Cell ATAC-seq)

Open (accessible) chromatin — easier for proteins to bind — active gene expression

Closed (inaccessible) chromatin — tightly packed around histones — gene repression
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3.1 ATAC-seq
ATAC-seq (Assay for Transposase-Accessible Chromatin using Chromatin
. . . . . il index i5 index
Sequencing) is a powerful technique to profile genome-wide ".T:; J
chromatin accessibility, revealing regions of open chromatin \

associated with active regulatory elements (e.g., enhancers,
promoters). It uses a hyperactive Tn5 transposase to
simultaneously cut and tag accessible DNA, followed by
sequencing.

|
Aiﬁw\iw

Amplify and Sequence



m (3 Chromatin accessibility

MNase-seq

3.2 MNase-seq Lyse calls

e

MNase-seq (Micrococcal Nuclease Sequencing) is a \
technique used to study nucleosome positioning and
chromatin structure by digesting linker DNA between
nucleosomes, leaving protected DNA wrapped around histones

for sequencing. Unlike ATAC-seq (which profiles open —X’lg’—
chromatin), MNase-seq provides detailed information

about nucleosome occupancy, spacing, and histone-DNA l
interactions Extract uncul DINA

MMase digestion

|

LIMA library consinuchion and sequencing

147 base pairs (bp) of DNA that wraps i \ '|I |
around this histone core R



I (3 Chromatin accessibility I

3.3 DNase-seq DNase-seq

_ilt,ﬁ

CHase | digestion

DNase-seq (DNase | Hypersensitive Sites Sequencing) is a
high-resolution sequencing method used to identify open
chromatin regions in the genome, also known as DNase |
hypersensitive sites (DHSs). These sites are associated with

active regulatory elements like promoters, enhancers, _%. J
insulators, and other cis-regulatory regions. IE

Acd Dictnylated linkers and exirach DNA

_— —

|

DA lirary conalfuclion and Sequancing
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3.3 DNase-seq

Method Main Purpose Enzyme Used Resolution Input Required Key Application
Identifying open
ATAC-seq Chromatin accessibility profiling Tn5 transposase High (~100 bp) Low (~50K cells) chromatin regions, TF
binding sites
MNase-seq Nucleosome positioning & chromatin compaction Micrococeal nuclease High (~150 bp) Medium (~1M cells) Mapping nucleosome
(MNase) positioning
Identifying DNase
DNase-seq Chromatin accessibility & TF footprinting DNase | High (~200 bp) High (~10M cells) |hypersensitive sites
(DHSS)

ATAC

plls oEEs
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Single-cell ATAC-seq (scATAC-seq) is a powerful method for

3.4 SCATAC-seq profiling chromatin accessibility at the single-cell resolution.

scATAC-seq sScATAC-s
based on cellular indexing based on microfluidics

M i (Cusanovich et al.) K:%_:tc'::;" (Buenrostro :t al.)

. .
e e Chromatin Xy Cell lysis
\./.f’ l - < Capture cell and
Tn5 L assess viability
® —oe
Total of 96 pools (96 chambers

in parallel)

| | P W 4% 42 42 Transposition 1
ﬂﬂﬂ ﬂ é‘ﬁ; lgi # “C§ RS [SbbT bbbl 0 bk kbbbl .
i B 7D 85 A . z::;;zmon

----------------------------------------------------------------

\

L

FACS sorting
total of 96 pools
with 15-25 cells / J x \
Amplify and Sequence ., ... ..,:_, {’: A 3 |

! : = ragment release; |
) [ CegN l . initial amplificaon |
I 1
s Ny s | e |

ﬁgﬂiﬂ@unlqueﬂ’gﬁﬁgﬂﬁ E for sequencing — — ——— final amplification E

___________________________________________________________________
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T 1 1 [ T 1 [ | | [ 1 1 i 5
3.5 Data Analyses (ATAC-seq) I Codiition
_}reatrgent
=] — — = —
=——— =" condition
= — ————— Pak3 T,
— — Irf4 T2
d 5 kb —— = — Ig;gw Treatment
?’f’ = —— ——— —_|Gbpb I Vehicle
120- — _ —— ———1Socs1 MCGRP
— =— — Pik3r1
® 1207 —- — N — Cluster
O = — — —— —
-_LE) | | | _fz — = —1I3 .;
© 120" ' - = _ ~|Gata3 3
> _— Cd86 —
J BN | . — — — |lcos
1207 — Bcl2I11 -
= — : Relative
o 1201 A FU" | — accessibility
s ’ ' | Ptpn1
o 120= ._L. - -....A = S(fCS"
O _‘ = Pik3ca
0- . i ] = ) B — Rap1ia
' Gbp7
. ol
A - i———
1112rb2 % H
o B Promoter
M Intron
M Distal intergenic
B Exon
Total = Total = Total = Total = 3"UTR

110 383 352 368

Yu Hou et al., Nature, 2024
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@ Neural progenitor
@ Neuron
Neural crest

3.5 Data Analyses (single cell ATAC-seq) . A

» Blood

profiled single-cell chromatin accessibility landscapes in & Null
mouse neural tubes spanning embryonic days 9.5-13.5

SCATAC-seq (This study)

Cervical and thoracic spinal cord

#
scRNA-seq (Delile 2019)
A NARABA
= _ AAAAAA
€9.5,e10.5,612.5,613.5 o NG s s
o
g
o
Neural progenitor | | b . L . . I - i | | . i B
Neuron Aamaihoae J.L“ A A ..L‘ __Ah A
Neural Crest ' i )_
Mesoderm | " }
Blood 2 JL
Null
Gene Sox2 Tubb3 Elavi3 Sox10 Twist1 Hemgn
| == | m——t— | 8 = |

Muya Shu et al., Developmental Cell, 2022


https://www.sciencedirect.com/topics/neuroscience/neural-tube
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Epigenetic Sequencing

1. DNA-methylation (WGBS, RRBS, MeDIP-seq, single-cell WGBS)
2. Histone-modification
(ChlIP-seq, CUT&RUN, CUT&Tag, single-cell CUT&Tag)
3. Chromatin accessibility (ATAC-Seq, DNase-seq, MNase-seq, single-cell ATAC-seq)
4. Chromatin Structure (3C, 4C, 5C, Hi-C, single-cell Hi-C)
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) 3C 4C 5C Hi-C
Chromatin Structure S
Biotinylation {/}b/f\/ 4
| L
. Ligati % ? Ligation 7
1. 3C (Chromosome Conformation Capture) i 4 v . ¢ 4
3C library —_— o -
2. 4C (Circular Chromosome Conformation Capture) Secondary | [Oligonucleotides:|| Sonication b
digestion, Hybridization, ot |
. Secondary | | circularization (%) Ligation () Pyrlflcatlon ol b
3. 5C (Chromosome Conformation Capture Carbon Copy) digestion O* : St'r";g;;vi . 3
. . . Q ; beads _b+_.
4. Hi-C (High-Throughput Chromosome Conformation Capture) prefe— O, v, S ¥
=y Inverse PCR PCR Ligationof  “—t—
Chromatin structure sequencing techniques are used to study the — O O R g
. . . . . —t b
3D organization of the genome, which plays a crucial role in gene O _—— S
regulation, enhancer-promoter interactions, and overall chromatin ‘ : &
: 3C-gPCR 4C Library : 5C Library : Hi-C Library :
dynamICS' Library Sequencing Sequencing Sequencing




B (4 Chromatin Structure

crosslink digest crosslinked ligation reverse
crosslinking

4.1 3Cvs 4Cvs 5C chromain
: wD oKX

/Y“

3C 4C 5C Hi-C
—tr— 5717 3o
| e & | u
These methods rely on crosslinking DNA, digesting it, and o E R R dz tﬁ' e — F;, r—
. . . . ,' estion shear
re-ligating interacting DNA fragments, followed by (semi_)qtnmaﬁve with 4bp RE | e _;
sequencing to infer chromatin interactions. PCR oD B &
* ligation * Iugag%nRand L H_

* enrichment

=] =
*PCR H L+

-~ H

O
:|

S ]
| —] X y adapters
microarray or sequencing * and PCR
¥ —_—
H
. - I
microarray H e
or sequencing * H
sequencing
one vs one one vs all many vs many all vs all
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Chromatin Structure

4.1 3Cvs 4C vs 5C

Technique

3C (Chromosome Conformation Capture)

4C (Circular Chromosome

Conformation Capture)

5C (Chromosome Conformation

Capture Carbon Copy)

Main Purpose

Measures physical interactions between two

genomic loci

Identifies all interactions of a specific

locus

Captures interactions between multiple

loci

Interaction Type

One vs. one

One vs. all

Many vs. many

Genome Coverage

Targeted (single locus pair)

Genome-wide (from a single viewpoint)

Targeted (specific genomic region)

Best Used For

Studying specific interactions (e.g., enhancer-

promoter loops)

Finding all possible contacts of a specific

locus (e.g., enhancer hubs)

Mapping chromatin architecture in

specific regions (e.g., TADS)
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4.2 HI-C

Hi-C is a genome-wide chromosome conformation capture
(3C) technigue that identifies chromatin interactions across
the entire genome. It provides insights into 3D genome
organization, revealing features such as topologically
associating domains (TADs), chromatin loops, and A/B

compartments.
Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends
Hindlll enzyme with biotin

27
] VU

\l B
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4.2 HI-C

Hi-C Matrices and Models Compartment A: B2MNEREFBERE, EAX
KRS, XEFM, #EREENXE
5 Compartment BE&ZNEREER), EFFR
'-.- - KR, #HNBRAX
B =
- |E‘
J.r.h |

Subcompartments Domain Domain Cohesin  CTCF

Matrices

Models
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4.3 single cell Hi-C

-
-
-
.

DNA
FISH Chromosome

Painting

Single-cell
Hi-C

Single-cell Hi-C (scHi-C) is an extension of traditional Hi-C that
enables the study of chromatin interactions at the single-cell
level, offering insights into chromatin conformation
heterogeneity within populations of cells.

a 0 4 8 20
Observed contacts e e—
y X T‘ - ’#
Cross!;nklng S T o 1‘: Rk R T A s L 03 —
- S| 6 i :
Rpétrlctlon T T H -
~digestion i o 12 H 4
y =3 ek 1
Fill-in : 1= =T i
(labelling) ok :
—tt 3T
™~ . Ligation -L ...L'“ 1T H
RS pa~ ,”' .0 i -!l
= £ I_ .
=} - ."’E“ E
Isolation of 5 o U P O
single cell il 1L FLE
EETIRE L
oa T : . ;1 o S N
- a A
15 Ly
a Fulll il T bl - |
1 5 10 15 X

Nagano et al., Nature, 2013
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4.3 single cell Hi-C = e e
. g Oocyte O holc 2c 4c 8c 64c
Mil 14h 37h 48h 55h 80h
---4->
Allele-specific
- F, hybrid HiC maps
embryo
Q C57BI6/J
“ + § Female 117 43 45 62 45 92
(]
s ©®®  Biastomere 3 Male - 52 45 53 67 48
@ & dissociation D,
X — y —
Digestion
@@@ ligation D Maternal genome Paternal genome
o/\ Single-cell § Wl stk I U &y Loy giHSKAMeS
+ isolation §
& CAST/EJ  ARRRRERS Single-cell HIiC
"! "' " library preparation
5
= =
.ga.tﬂfig:o.ﬂ-g g
% o -.Q.(:‘. ﬁ
N 2 A '.:_ . A
E % -:'yi‘:’:' :Sw‘.:‘.}" . % ]
5 i 5
El° % ‘e <
o e SHhRo-
O
7l &} koot
e 4c =
« 8c 3 g
. bde Chr17 75Mb 80 Mb 75Mb 80Mb <

UMAP dimension 1

Collombet et al., Nature, 2020
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Label

4.4 Data analyses |
@FORIUSPO2AIWD1
FASTQ — ﬁj:gg (Trimmomatic, Trim Galore) ECGTCAATTCATTITEAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGT
l AAAAAAAAAAAA:EJ9@::::??@@::FFAAAAACCAA::::BB@@?A?
teX3zI&EEEA (bwa / bowtie?) [ O G AR
l scores (as A. cHars
éf”EValid Pairs (pairtools) T
Bin and count junctions (cooler)
§Lcom artment / TAD / loop / stripe (cooltools / hicFindTADs R , -
gEcompart P/ Stip Bl ERERSEHESELES, Pl
/ FitHiC2 / StripeCaller) EETE-

« Trimmomatic
« Trim Galore
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4.4 Data analyses

FASTQ — &= (Trimmomatic, Trim Galore)

e Valid Pairs

! . |
) Cut with Fill ends

EEXTEISEEEH (bwa / bowtie2) resliri\::\itlion ar'lnd?'nark Purify and shear DNA;  Sequence using

] enzyme with biotin Ligate pull down biotin paired-ends
£5EValid Pairs (pairtools) . . Y o

l — s

. . . \ / 7/ \ j) -—
BI? and count junctions (cooler) ‘ ! (( _ :‘_
Ecompartment / TAD / loop / stripe (cooltools / hicFindTADs ﬂ/ U/ \Y\
/ FitHiC2 / StripeCaller)

$Zi: HIC=A freads F BB TERE A AW N IEES:
NERERE, FEltE—%Kreadsfiik 7 =8 EHI—DNA
5.
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4.4 Data analyses

FASTQ — &= (Trimmomatic, Trim Galore)

l

tEXE&EEREH (bwa / bowtie?)

|
£7EValid Pairs (pairtools)
|

Bin and count junctions (cooler)

l

Ecompartment / TAD / loop / stripe (cooltools / hicFindTADs

/ FitHiC2 / StripeCaller)

W N =

DO|O|N|—-

oOlOo|N|—

0

O|Oo(w|w

dense matrix

Bin and count junctions

Bin1dF Bin24tFR Reads count  E{Efi=

%] Q 2435 0.270307

%] 1 937 0.134423

%] 2 271 0.0248747
0 3 129 0.011422

0 4 53 0.00667344
0 5 51

0 6 66 0.00487654
0 7 51 0.00392599
(%) 8 49 0.00325238
(%] 9 24 0.00209715
%] 10 31 0.002481

%] 11 24 0.00157917
%] 12 24 0.00147929
(%] 13 28 0.00196714
0 14 20 0.00158235

X —30 R TE e 2% contactfE [ 1Y 70 R

Binik/)\, T HX [8/AJreadsik/ >
conatctiEfE R ERIE (AVIESRY R . ERARK
ShE. ERARYERM)
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4.4 Data analyses

FASTQ — &= (Trimmomatic, Trim Galore)
tlﬁéﬂ‘?ﬁ']%%%éﬂ (bwa / bowtie2)
E%Valid Pairs (pairtools)

Bi:\ and count junctions (cooler)

l

Ecompartment / TAD / loop / stripe (cooltools / hicFindTADs

/ FitHiC2 / StripeCaller)

DHERFE:

*80% |} |- Bbin B2 #3845 1000 contact [ -

“10kb D X EENB RN FE:

(3G / 10k) * 0.8 * 1000 = 240M reads (PElSOfﬂUﬁ%I

compartment/TAD/loop/stripe

compartment TAD

F ls&&;m s

loop stripe

*Compartment—>TAD—>Loop. Stripe

AN e o
726) 63 ﬁ#—l—l_/% Elj(
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4.4 Data analyses

Chr1
[E12 @43 p3d @21 pid @22 g2 q132 g1l gq12
ncDa' T S & [ Y

1 IWIMWI il

nCD8' T uﬂu‘ . F""
aCD4*T|]M_‘.ﬂ w lnlll.w'

Chromatin Structure

@211 g2 24 @52 gat3

'II b s J..l , ..l u
CVN T YT e ‘lﬂ'-’

Mgy ™
B Hflin‘lﬁ.ﬁllin"lnﬁlm‘ﬂ
AN gt

@23 o1 pddD pad

A/B compartments of resting and activated T cells along chromosome 1

CD4* T cell activation CD8* T cell activation

A-to-A (26,149)

A-to-A (27,080)

A-to-B
(782)
B-to-A
(42)

B-to-B (28,795)

B-to-B (28,280)

compartment changes: stable (A to A, B to
B) or flipping (A to Band Bto A)

Bediaga, N.G. et al., Sci Rep, 2021
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4.4 Data analyses

]
s 3

ce v E¥ §
g -

Naive
A High interaction frequency

N Low interaction frequency

A A "

Merged Split

T cell differentiation results in TAD rearrangement

Zhang, G.. et al., Commun Biol, 2023
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Chromatin Structure

4.4 Data analyses

chr4: 32,000,000-32,700,000
: 1 Top
. M
L g = “l::im m N.nl
| Left | Right i
e
i g

i B [ |
Using Poisson statistics, for each pixel test if the

vertical or horizontal Hi-C signals are > local signal
expected (Right and Left for 5’ stripes, or Top and

Domain

Pixels with horizontal signal >
Top and Bottom

&

Loops are removed and pixels are clustered

Bottom for 3’ stripes).Clustering of pixels identify stripes.

B cell
activation
—>
promoter /- == / | |
enhancer_~. A \ 7\ Tethering via
(RN /| " stripe contacts
] / (direct)
stripg —»

stripe anchor

-
> 4 super-enhancer \ Top2p-
Tethering of regulator mediated
ethering of regulatory e

extrusion

DNA by domain constriction
(non-specific)

Vian, Laura. et al., Cell, 2018
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4.4 Data analyses

HiCeJ#4k Juicerbox / HICExplorer

Me'se

Chromosome 3
Aouanbayy uonoesajul paziewloN

S
U0k, | SUAGOKD, | 9470, | 950000 | 95300kb | 95600Kb | 95000k ,

Chromosome 3

HEchoco |l vl H-H M HIHH  HEW s - B

PLCEL  NOC3L HELLS CYP2C19 CYP2C8  PDLIM1 ALDH18A1 CC2D2B |

HeHHE H N HH b

PLCEL  NOC3L HELLS CYP2CB ACSME SORBS1  ALDHI18A1 CC2DIE ZNF
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Epigenetic Sequencing

1. DNA-methylation (WGBS, RRBS, MeDIP-seq, single-cell WGBS)
2. Histone-modification
(ChlIP-seq, CUT&RUN, CUT&Tag, single-cell CUT&Tag)
3. Chromatin accessibility (ATAC-Seq, DNase-seq, NOMe-seq, single-cell ATAC-seq)
4. Chromatin Structure (3C-seq, Hi-C-seq, single-cell Hi-C)

5. Multi-omics analyses and applications
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5.1 single-cell Multi-omics sequencing

B. Overview of the single-cell multi-omics scheme

Metabolomics

Microbiomics

Proteomics

Epigenetics

Transcriptomics~

Genomics W

l \

| ]

] H
— — >

. §— g — g

] I

|

. Temporal Information :

’

St ke T

: W s e
e /A -—* : 02 . .o .::

: E¥ g 385 52:! E' o ee :

: ‘

. Spatial Information ':
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5.1 single-cell Multi-omics sequencing

DNA methylatome
G‘\O«\e RRBS o Y
) QRRES ° -.’0% Single-cell spatial genomics
MscRRBS Cop,
@ Ao scTAM-seq n OOO o
y L o5 o2
0 S W \)p\“\ SCPBAT O
& o o> scBS-seq
& o‘°o & w snmC-seq O O o
) qé O‘OQ é‘(}" Pug,. snmC-seq2 OO Oy @
& ESEESs o ) oo
é"°é° '&é" fn”o‘h» 3 O oo
CF AL LS 5 S, e -
Coos EAY ® o
) z25
/ w“,” z Transcriptome
5‘ [ / ’730""9""""“‘ seqrish  Metabolome
F LN Smgle-cell genomlcszé?;y MERFISH
w scR.bo-qu \
s | pepice 1SS
'6' Protein ExSeq
% ﬁ? Mmmlumdrh s';_'::;gp Translatome
TEMPOmap RIBOmap
Epigenome

/ Slide-TAR-seq \
Slide-DNA-seq
LS B
oV

€°“ SPOTS
scMT-seq > / DBiT-seq
scM&T-seq et \
scCAT-seq ) X

SM-Omics

Sery; Spallal CITE-seq .

Scg, ~
>mear, \© ) MISAR-seq
$eCo, NEAT-se: ( 3 Spatial ATAC-RNA-seq

- ASAP-se: B Spatial CUT&Tag-RNA-seq

DOGMA-ss ~ 4 »
Single-cell multl-omics

Single-cell spatial multi-omics
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5.1 single-cell Multi-omics sequencing

Dual-omics :

1. RNA + DNA : G&T-seq, Target-seq, DR-seq

RNA + ATAC : SHARE-seq, ISSAAC-seq, Paired-seq, SNARE-seq, ASTAR-seq
RNA + Histone : Paired-tag, CoTECH,

5mC + ATAC : scNOME-seq

Chromatin structure + 5mC : scMethyl-HiC, sn-m3C-seq

RNA + Protein . CITE-seq

RNA + Perturbatome : Perturb-seq, CROP-seq

RNA + spatial: seqgFISH, MERFISH, DBIT-seq, Slide-sesq, Stereo-seq

N A WM

Triple-omics :

1. RNA + CNV+ 5mC : scTrio-seq; scTrio-seq2
2. CNV+ ATAC + 5mC: Cool-seq

3. ATAC + 5mC + RNA : scNOMeRe-seq 5mC : DNA methylation o
CNV : DNA copy number variation
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5.2 Multi-omics sequencing application

scTrio-seq: RNA + CNV+ 5mC
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Hou et al., Cell Research, 2016
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5.2 Multi-omics sequencing application

Table 1 Number of the detected CpG sites, genes, and MspI-digested fragments in single HepG2 cells

Sample

Unique CpGs (1%) Unique CpGs (3%) Genes (FPKM=>0.1) Genes (FPKM=1) Mspl-digested fragments

scTrio-HepG2-#1
scTrio-HepG2-#2
scTrio-HepG2-#3
scTrio-HepG2-#4
scTrio-HepG2-#5
scTrio-HepG2-#6
Mean of scTrio-HepG2
scRRBS-HepG2-#1
scRRBS-HepG2-#2
scRNA-HepG2-#1
scRNA-HepG2-#2

1 834 536
1239 255
1217007
1251747
1762799
1 820 527
1520979
1336924
1199 569

/

/

1276 842
819 238
709 874
725124

1201 953

1308 313

1 006 891
780 377
701 340

/
/

6 083
6 440
6271
5 808
6437
6 036
6179

/

/
6 099
6 542

4373
4746
5122
4 329
4904
4702
4 696

/

/
4 335
4 987

150 288
103 892
104 884
105 635
145 361
146 772
126 139
115 853
105 278

/

/

Hou et al., Cell Research, 2016
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5.2 Multi-omics sequencing application
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5.2 Multi-omics sequencing application
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5.2 Multi-omics sequencing application
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09 Multi-omics e
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5.2 Multi-omics sequencing application
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I Take Home Message

Epigenetic Sequencing

1. DNA-methylation (WGBS, RRBS, MeDIP-seq, single-cell WGBS)
2. Histone-modification
(ChlP-seq, CUT&RUN, CUT&Tag, single-cell CUT&Tag)
3. Chromatin accessibility (ATAC-Seq, DNase-seq, NOMe-seq, single-
cell ATAC-seq)
4. Chromatin Structure (3C-seq, Hi-C-seq, single-cell Hi-C)

5. Multi-omics analyses and applications
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