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Application of NGS-based chromatin sequencing in cancer research
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Abstract: All eukaryotic genomes are organized into a nucleoprotein complex called chromatin, which have a
sophisticated and intricate three-dimensional structure. In addition to the basic DNA sequence, there also exist
DNA modifications, DNA-protein interactions, DNA-DNA interactions and DNA-RNA interactions in chromatin, all
of which, if altered, may play a vital role in cancer initiation and development. Through different chromatin
sequencing techniques, researchers are able to parse these alterations and enhance our understanding of
tumorigenesis, which could ultimately be applied to the cancer therapy. In this paper, we review some experimental
principles and applications of common chromatin sequencing techniques.
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W R Z R NGS B, FEAFFLITIrm (K 1)

1) B H 41 DNA J7 51 . 43 417 (Whole
genome sequencing, WGS) , & 4h g 7 J¥ 1 (Whole
exome sequencing, WES) .

2) DNA FREA B - 42k PN 2 o 1 A IR FHY 4k
Ak ) FE7° ( Whole genome  bisulfite sequencing,
WGBS) , Ak 45 & 8 3 5 R AL 3 T ( Oxidative
bisulfite sequencing,oxBS-Seq) ,

3) DNA -5 I B ELAE - e (0 5 e JL 0
I FEH B0 ( Chromatin immunoprecipitation sequencing,
ChIP-Seq) , Je €0, 5 A 8 1 D) 1) 15 e 5 00 1
( Chromatin endogenous cleavage with high-throughput
sequencing , ChEC-Seq) , CUT&Tag' ' ( Cleavage under
targets and tagmentation) .

4) et o ] b A - R Tl e €0 ] R e e
moF 4y Frtiel ( Assay for transposase-accessible

Cell nucleus

chromatin with high throughput sequencing, ATAC-
seq) , T BK T A% B i T 1k D JFppt7o s ( Micrococcal
nuclease digestion with deep sequencing, MNase-seq) ,
I 46 A% A% TR TR O S R (DN ase 1
hypersensitive sites sequencing, DNase-seq ) , H & %l
W3 B 8 45 ook ( Formaldehyde-assisted isolation
of regulatory elements, FAIRE-seq) .,

5)DNA-DNA #H B /EH 2 T 4L AR 10 S 4 3K
( Chromosome conformation capture ,3C) B FF £ K |
EEALHE 3¢ 4¢P 5¢ HICT 5 ChIP-
455 HiChIP'™ | ChIA-PET ' 4
6) DNA-RNA HIELAEH : J5 i 42 RNA-DNA A
YEFH I 2% (in sitw global RNA interactions with
DNA by deep sequencing, GRID-seq) , RNA-J& K 4 Ji
2 of RNA-genome

Seq

i %E L ( in situ mapping
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Fig.1 Different hierarchical chromatin structures and corresponding sequencing techniques
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RAFHETHNE T, 5 WS AR AL, WES H
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HIF . AT WGS, WES B 45% i d/N, i
RNz AR HAL & 5 BN WGS 4, JE 4
T X Sk A PN 25 AR SE B 2828 ToikAd i Y
1.1.3 A

H AT, Z2 R0 iR 2 B 5 07 60 /6 g 3 1A
HE TS T, W5 N FOIFRIE ST T 24> bR
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SR TR 214 R0 s R S bR R ) RN 2
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D ZH A, L H bR 7E 2 BRE FB 4 1 Bk 2Bk A
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#ZE HAT,ICGC (Release 28) £ 7 24 298 /™ i 1t
RIZH, Kl 21 81 782 588 AL AE , ¥ J 57 905
ANGASFE . COSMIC J&: A 1 f K dme 4 1 56 T i
Jed VA 4 0 58 A2 R G FH B0 P S5 RRAS (V97
2022-11-29) Fig 5 150 J5 4B A A 1Y 23
443 841 NEEHZHAE 5,16 015 511 D EEGwIS A |
19 428 P ELG A% 321 804 AL A EHE, 1 207
190 /NP2 DL AR 5 9 215 470 DA H 1 7 930
489 25 RAL CpGs MYTELITE EL .

5T R B, A TR) g g 2 A5 [l it SR AN SR AR ]
i, FEFLIRE TP AR IS ER+/ - 57, 28 A8 3% A A
W], {H =5 4 28 A8 ¥4 = 2L N TPS3, PIK3CA, MYC,
ERBB2, CCND1, ZNF103/FGFR1, GATA3 F1 RB1
SRS TR IR SRR v, KRAS 58725 L 451
Bk 90% , A SERTHIA TP53, CDKN2A , SMAD4 Fil
BRCA1/2M 45 | 5 3% H BAGE 13 WES 7 A& % % i
ERBB2/3 38 % 5875 S IR LI (0 i A 28 A8 | LIS 7
BN A — TR 58 h X — 45 Sl gk — 2B 75 3 T 3F
ST RS AT 43 00 A AR K ) e i
KT R P ERBB2/3 987 5 PD-L1 ,MDK 3
IRAEDG , DTS2 M IH 9898 S e AR . i — P
VT BA S 22 T IR 1f 28 9 43 0 IV e 1) 58 A8 i, v
BN ZEAR N TP53,SNX27 ,PCDHB14 ,RB1,SRPK1 1
ZNF107 ZE1470

30 3 X e K s B P ) S8 AR A 0 R AT R A A
Bl Ivigd & A= & R SE R AL A I 5E RO 0 Y B

KA AT AT
1.2 DNA HE{L

PR L BRT DNA JFAIA B & A 5848 4h  DNA
W RAEVF 2B, BRTC A B =04 17
PV H UMM RE (C) 1Y 5 SR T 364k (5-
methyleytosine , 5mC ) &1 4= B i1, R SmC o4
FRNEE S Pl E, ik L& BB 7F AN 248 DNA J7 5]
BIRTHE N 51# DNA 9% DNA fa 2@t fl DNA-ZE M
JEHAE B A, DT S0 35 R e 8 | 7 il i R v
FEEEAEN,
1.2.1 WGBS

SmC HIb B R Z & A4 CpG MUZTTIR , 7]
TERE SRR 355 . B RO 1Y R 3+
XIS CpG a4, XL X IFRA CpG & (CpG
island , CpGi) 2 WBGS By FEA JE B )
iR Eh A B DNA o rp oA ol B G 8 i i B s i ( C)
SR AL S 4 S IR WE (U) |, 1545 22 PCR 47
U SR T, T IX 20 34k ¢ ik F 34k
C, e 4G i atil P B | R a] 3R A5 B 5L 43 ¢
R IR SmC BIREE
1.2.2  0xBS-Seq

5mC 7 TET BAEF R 772 5-54 HY i s g ( 5-
hydroxymethylcytosine , 5ShmC) , 5ShmC 7] fig J&3i% 1L DNA
LB AR 4 ], (B[R] B R — R R E
DNA &4, ARVERIPLSIE AN 14352, v BB DNA
M 3 /w3 2 R 56 . WGOBS ik X 4
SmC A1 ShmC,, Ifif 0xBS-Seq & J¢HF ShmC kK 5-H
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PR 255640 U, il i 5 BS-Seq Ho 25 S B 22 £ B mf
SEHH SmC R ERS AN ShC ARG H L1093 9%0 DTG
AAFEHIL MR ShiC B
1.2.3 WH
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CCDC6 ,RARA Il GPX3 S5 3 A 522 i FHY S AL X
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AR A0 I e 2607 Il s A2 A B et Xof
210 I L BAZLIE R 1Y ofDNA F AR B0 2R 47
BT, BTG T —AN 8 ) S A LA TR AR Y | 25
WARET IR W MERPE) ; Berman B P 251
WFFE B2 & B 1 8 AR L, 25 2L 0 7 3 Ik
SRR DX 8, sk 22 X 38 7 SRy B 2% A 8 R R E AR



82 4 #H

& % %20 A

KEEE(>100 kb) TR AALH HA, IF Hx X
Sl e (5 5 e RS R O

DNA H LAk A8 i i 0 2 AR Kk e DD AR 20
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1.3 DNA-ZEHRBEEIER

P RNREAREEAEAMEAEA, I
2 H 2 % 5 A (Transcription factors, TFs) |
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AR (K) ARG 22 (R) i mi . & i -DNA A0 H.
VEF IRV RE i T 22 a5t 1% 27 Y W, 76 7% )R 4% | DNA
S DNA #0315 58 DNA 40,85 R 1 25 75 1 & ¥
B
1.3.1 ChIP-Seq

ChIP-Seq J& ChIP 17573 & J5 45 & 1 AR,
TSI S SC B AR B-DNA , Fifi J5 43 25 DNA |, JF:
FHE RS A R Be Ak, P i Ry S M AR S 0 B
TR e Z A WULTE, 5 i sc Bk alifb 15 2 H i
DNA JEFI53 0 BN RS I B AT A5 205
HH5 H® DNA A EAERE
1.3.2 ChEC-Seq

SR ChIP-Seq CLFEMFFE £ 1l -DNA H.AEH
RIEEEAE B AR A —E B, 25
PE T T B sc I, A B 0 B &
5 A AT M AR A A, AT I AR R S AR
Z196) | ChEC-Seq /&3 T MNase F94F BT A, & 56
T B AR (1 -MNase Bl &8 A, K Ca™ WEF
MNase AN KEVER, MO INAE ) Ca®™ J5 , MNase 23
P $0 2 1 P 0 DNA JFE 81, MRS s B Y 7
51471 ChEC-Seq 3 T 52 B 1A 73 4T B
DNA (3R, A 3 MsEE T ChIP 5 BH 4 1 ), (2
ZH AR WA [R]85 75 44 2 37 1 -MNase fill 514
BEARMEE AL =
1.3.3  CUT&Tag

CUT&Tag #& Henikoff 1 1= #F & i — B B 19 &
FIR-DNA AR 736", 5 ChIP-Seq ML, H
A AT, AT R BT, T S AR .
FEARJFEHE R AT T 1% DNA #2359 protein A/
G-Tn5 F MM A E A, B — P SR E AR ST
G55, THUCKRAE S R A S S hiss A,
I Mg BRI TS 5 J88 1 (435 Ve 9081 5410
E 45 A1 DNA JP83146E A 33751, e 4 B b
S DNA F Bt BRI 2 Y

1.3.4 N

LA IE 5 DI RE ) R AR KRR AR T 3h &
() DNA -2 BEAERY IR Y, — B Se Pl T, 40
JiL P PR BT RS 1 B IR, DT 5 | R A A
BN, Koeffler 25 75 (A4 A 41 M &+ L H3K4mel ,
H3K4me3,H3K27ac VL J % 5% A 7 55 by # bR 2E 47
ChIP-Seq 43H7 , %5€ T ALDH3A1 B2 55 1R 4% 18
B, TP63,SOX2 Fl KLF5 %54 5i K - i 3] &4 8 45
PERD; RO K % 52 & #42' % B L H3K27ac,
H3K4me3 NHLFRXT 73 %t 45 B bR AR 9547 ChIP-
Seq 437, AT A RNA-Seq Al WGS diE , #5417
55 B W P v R T 0 R R T i R B I IR AR
Y i R P BGAIE T A S SE R KLF3 , MAFK 1 RUNX1
S HE W) 2F I BE ; Janssens 2570 FI ] CUT&Tag Xt 2
PERE 22 FK E R 106 19 5 6 36 R KMT2A #5457 T
5%, K KMT2A 5 HOX9 , MEIS1 il MEF2C %53
PR e A Rl Rl 2 1 AT e e £ 5 20 2 1 B AR
=, AT 75 5 B0 M Y 5 3 HE, 42 F i
KA,

DNA-Z& A B/ 7E e 6 5 D) 68 015 5 T
AR EEREA, FE T HEABE T R
TSN TS A as 7 Ay RSB, T4 b ORe 11 i s
FEMB AL AN E— 25 b B s % AR R TR AL, Ol
968 245 ) FF B A (R I
1.4 $BRATRE

Yuta ] Kok DNA AT 8 3+ 385R 46
G- R oA R SRR 2 A B 1 AR R
LY EREEE PR, R T HEE DNA X (5 5 DNA
FFAN 2% ~3% A HIEL 5 90% L I 1 5% 45 & IX
B YRR R TS S P A T — A 3 A ST A 1
AR S8 B v R e Mo kA R S R
YEM .

1.4.1 ATAC-Seq

ATAC-Seq 2 ™ J& F WU 32 3k 1 TS
I PR AR AR T 4% 2 )57 ( Open chromatin ) [X 38, Tn5
AT ST ZH DNA A0 8 K 248 A P i , P
A Y (A.)57 ( Closed chromatin) F T H A5 BO% 1M JC 1%
BEIE), DL SE R T AT R e R A A AR S
XX DNA 381 147 i 8 a2 0 B ) il 2 4
PRIZH 0 e (5 51 7] Bt RT3 . ATAC-Seq #RAETRIE, ir
T AN A /D [ TS 5 REEEAO M 48 508 B 5, 45
F7AE BEYIE B 50 i e Tl R
1.4.2  MNase/DNase-Seq

MNase ELA #%1 P it A0S 9 44 1R85
B 6] K% /MR 22 18] () 3% 4% DNA ( Linker DNA) |, i /]
MNase JHALIEF 4 DNA 1] 52 B0 /A T 51 1 &
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RN L, 255 A U s T Xz B
B ORAE A 20, ali Ak DI 5 19 DNA g
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Seq Efﬂﬁlﬁﬁ, TS 40 &2 % 2, H DNase 1 Y|
DNA Iy BAT — 5 W i -1, oo b g m] S sz 21 1
—SE W5 5E , {0 MNase/DNase-Seq HUZE 5 | n] [H] $E4fE
T A/ IV A B SRR P 2 A s T

1.4.3 FAIRE-Seq

FAIRE - Seq 9 3= %2 J5 #1228 28 4 26 1 A9 AZ /)N
& DNA 5125 DNA 7628 B -5 05 T s i AN
SR P VR I T e £ S5 S, T 0 M S T BT, A% /D i
DNA =B A5 16 A HUAL R K A 22 6] 1 3% 25 DNA
W45 FARA R, & AL 4Rl DNA @Ay, DA
W 5 J K R €8 5 1) 43 A2 7 FATRE-Seq 32
iR T MNase 1 DNase I [1)5 51 ff-PE 7 ABAAEAE
{EME LR R, AR LB R 2 s

chremett WW

ChIP-seq DNase-seq ATAC-seq MNase-seq FAIRE-seq
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Fig.2 An overview of ChIP-seq, DNase-seq,ATAC-seq , MNase-seq and FAIRE-seq experiments'™’
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PEREME DNA BYBRAE, 0 45 5 ik F 4 5872 (4] 3%
WE B RS | e g 5525 G o0 A, rT it — 2l 2 i

1.4.4

Jed DR A IO 245 HFE 2l b9 Bt BIL ) F) I 5 A fieh 97
FEEIRYT o
1.5 DNA-DNA #HEEH

Job Dekker 2002 4EAF & T Y (/A 52 4l 3
(3C) HAR 3D-FEF AL BFFT H BLHLFF T P48,
Bl J5 R T 3C BYFAR KA T 5 AW T & 5
FH, Gl (0,57 = 225 ¥4 F1 % €0 51 B AR L W AT
Mro T 3C BHOARA 5 LA 192 DNA-DNA A
HAEH, W52 3 34 58 F - i 3 F 35 ( Enhancer-
Promotor loop , E=P loop)
1.5.1 HiC

HiC A[FF 3C,4C 3 5C B F 22 H R 3C &
P — X} — (One vs one) Y HAE, 4C & — X
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ARG & T [m] i A B0 B S B4 4 [
E VIR AL EHE DNA i fb %5 s 3 pr

N HIC AN 02 1 2 AR W0 2 b i I S e 1
(Biotin labled dATP) 3EAh T B I AN , 3% $2 W3R,
il SZEK S FHABR A K DNA FTWT, B )5 & SR B P FEbrid
) DNA JFr Bt g 2 O, DA 52 304 56 R 4 DNA-
DNA FHEAEFH AT
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PCR s PCR
amplification Wiy, amplification
Hi-C PLAC-seq T
ation
R?O\_o o :!'O\ \ Ligation
\oi_ . Immunoprecipitation
- Sy ( £
1 | -t O =
—‘0\_. Removal of —_— — \ PCR \
- biotin from o ’
-_— » amplification
®- unligated g ST
TO. N —  fragments -
)
Gel analysis or
W quantitative PCR O
l Sequencing l Sequencing Sequencing

High
*ﬂ' ul ((=FARBEC
-
Hi qh o Hi qh
L - - ,5;
% A\ y Low
Hi-C PLAC-seq 3C
SO N N 7% v
<« LAY NN PR A & [ B | - B BO . DY L o & ol 8 (il . JAN/AY/

Genome-wide
many vs all

Genome-wide
allvs all

One vs one

Onevsall Many vs many

3 ETF3C R BRMEMBREAR™
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1.5.2 HiChIP/ChIA-PET
HiChIP Fll ChIA-PET £t /) DNA HAE4E S
J& HiC 4, EL M TR A AHOCH DNA
HAE, HiChIP 2 HiC Ml ChIP {454, B & W1
B IR e PR & £ 1 -DNA =59, b5 7
BFXT X 48 DNA #EE P ChIA-PET f J5 2 s
A AE, & ChIP 5 PET( Paired-end Tag sequencing)
a4, T [ 2 S, BB 75 T8 DNA, B 5 4
itk B AL EE F1-DNA, 3 F 2k 7E DNA Eiilﬂﬁﬁij]ﬂ@
TR UL S Mme T BV S AP ZARIEH linker
DNA, #H2 )5 H Mme 10 &£ SR F B, B
AN, 248 ChIA-PET HAEKN 2x20 bp 1Y% 7
5, RIS B B /D LA A IFSE A Bl g 5|
A TnS %% BERRREE A 751087 K 3] 2%250 bp, #E5
DNA £ Hiales [l it s 7 % 55 SNP A TTRE ™
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1.5.3 N
M TS B B FR B A DL R TR B R
PR i858 0, 2 T HiC S5 AR A b Y 8
TR = AELER AR RO AR KZ . Aristotelis 5% 18
TR T IR 4 i A G A A R D) OE
T M EAT LA, A B T-ALL 5 T 40 AH b,
TAD PERIAEH. LK TAD 11 L (4 R i A7 22 54
Il CTCF 4151 TAD filv& T efiedt MYC Ja s+ 9
HAR T BRI B, T E RS A A, P. Andrew™®
WA i RO R B R AN R AT HiC #
JiE S5 B AR TAD R SR R 1A
o 42 PR 3 000 (91 iR — 1E H BT REAS Y
WGS Htli:, K BRI VA 40 5 A8 19 431 52 G 66T — 4
SERE R T, TAD 34 FE 19 98 28 50 A 2R (20.6% ) 125 T
TAD NiB(6.9%) . Bradley %5 38 i %b 2% 1 i i I IR

e
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FEAR DL LA ML R FEAHEAT T HIC R, 25 ol 25
000 > E~P BA55 a7 s 5C, W] 4 Hh 7 45 B
FIEET A compartment F11 B compartment INAFAE—Fh
intermediate compartment [ FFHRRAS MR HB =5 T 4%
T = HELS BT

[, ARSI N 51 K Y 0 T — 4E 4540 5
G AL S AR S 7 9 R i DDA O, e (0 o Y T
HE 5% ) it = 18 75 JC £ ( Cis-regulatory elements,
CREs ) M7 988 56 PR 223815 i aod 3 45 43
HF WGS ,ChIP-seq F1 HiC 285" | AT #5422 3
W, S BN A S [R) R 0T T HEE 2R e s
JiRIRR G (0 T — AESS M T 5T, A Rl 2 B 3A i
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1.6 DNA-RNA iHE{EH
1.6.1 GRID-Seq

(a) Insitu procedures:

Steps 1-13 Linker preparation and cell culture

H 3-D LRSI e LI ,DNA-DNA HAEFI
RNA-RNA H AR F A A 4645 5 T 288, 1
DNA-RNA FAER 4 AR B R GERM, 2017 4,
f5F i AR ZZ A AT & Y GRID-Seq ] S PH 4= FE K 4
DNA-RNA HAERIRFZE ™ 2 HB ORI T — B
W EFFIC AL Mme T B 5 9 ER5K I DNA-
RNA linker, JEARFFEANE 4 BT, 1 2E 0 BE AN
MV )% 82 ( DSG ) A1 HT I BUIE 72 20 il N DNA-RNA
HAESREH Alu 1IHAESEE R4 DNA B linker 5
RNA 454, P 4038 $: F & il 48+ B AT 4 48 DNA-
RNA HHEAEH , 554 Mme 1 AL, %12 85 bp £
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