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Three-dimensional chromosome conformation capture and its
derived technologies
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Abstract:  Linear chromatin is compacted into eukaryotic nucleus through a complex and multi-layered architecture.
Consequently, chromatin conformation in a local or long-distance manner is strongly correlated with gene expression. Chromosome
conformation capture (3C) technology, together with its variants like 4C/5C/Hi-C, has been well developed to study chromatin
looping and whole genome structure. In this review, we introduce new technologies including chromosome capture combined with
immunoprecipitation, nuclei acid-based hybridization, single cell and genome sequencing, as well as their application.
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NZERENH A2 ME DNA 2> T4 Kl ik 2 m,
BB RS &, MEEEYE P HR
29 2 pm KN LML o AR R L 2L B A
RSP =iz i R VAN 4265 = 1 1 W 13 1] o 28 S P
s, BT RASVERR 25, Em
1 =4Ef% (Three dimension, 3D) i &—PIEH
FEMPRREZ R, RIS 5w R oo 2 8
f1 2 21 I 255 [ 235 H)  S mi EL R DR ik A o g,

FLYE 2002 42, Job Dekker 251 & T 3+ DNA
F BOftin %) 3C £ K (Chromosome conformation
capture, 3C), JfEBhER PCR 5 A A6 I
@A RN Z BIAEARSR . L 3C FOR g2
il & & () PR ARG 6 Ay S i AR B AR 4C (Circular
chromatin conformation capture) . Yt J5i f4 4 i 5
i$% Dl $ K 5C (Chromatin conformation capture

x1 RERMRBRREMTERAROHE

carbon copy). il YL AR RE AR Hi-C
(High-throughput chromatin conformation capture)
GHAR (GR 1), FATRME T IRl 2 4 K 21
T [ PN A o g £ o s R A AR R T B

AN, Ty 3D A TE— 2 2
R Eh SRR R R, I CUESE X T 2 R
o R 5P, BRI T 3C il HI-C 0 HAR S
LT iER R (Oligonucleotide capture OCT) ., #L
A 3 B ARBURIIN P AR (Single-cell isolation and
sequencing) . & i fE Wl J¥  (High-throughput
sequencing) ZHiARLES (£ 1), HEEEMA TS
B B4 TR AR T 2% €60 5 1) 22 () AH B A FH Qe 55 e
MIFRIRTRTE , A BT AR AT GR
Z b, dE—2 I\ 3D %2 PR A i AR A ) S R
P2

Table 1 The characteristic of Chromosome conformation capture and derived technology

Groups Technologies Features Advantages and disadvantages
Core 3C One to One Low cost, detect a few sites;
technologies of need to predict interacting regions
chromatin 4C One to Many A few primers, higher throughput;
conformation need to characterize the interest target region
capture 5C Many to Many More interaction information;
3D-DSL complicate to design primers
Hi-C All to All Genome-wide detection, no bias, high throughput;
high background
Combined ChiIP-loop ChIP+3C Compare to 3C, lower background and higher specificity,
with ChIP capture specific protein mediated chromatin organization
ChlA-PET ChlIP+Hi-C Study genome-wide interactions mediated by specific proteins,
with low background signal
Hi-ChIP ChlIP+Hi-C+Tn5 Construct sequencing library by Tn5 with reduced input
Combined Capture-C 3C with OCT Capture conformation formed by target regions based on
with OCT oligonucleotide probes
Capture-Hi-C Hi-C with OCT Capture three-dimensional structure formed by target sequence
in Hi-C library based on oligonucleotide probes, lower
background signal
Combined Single cell Hi-C  Application of Hi-C Detect chromatin dynamic changes in single-cell level,
with single cell technology at the single background may be high
technology cell level
Combined Hi-C associated  Using Hi-C data Can effectively improve the quality of genome assembly
with genome  genomic features to assist
assembly assembly genome assembly
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1.1 3C#H A
3C R Hy Job Dekker F 2002 41 & I %%

N R T AR SE, M6, 3C HR B
A N B S Y o = i s b, 3C E
B F AR A (1) DNA 5 5 F 4B sii 22 1] (1 A
H AP, %R el i A HE (Cross-link)
4525 0] FAHSR A gL 8 5 Fr B R AR LM i 4, SR
S PR S o 1 A e o8 DD A S Bk, FEARAIG 1Y
DNA ¥ B 4140 F i Bh T4 DNA R d 23 1) |
FZIEM DNA Fr B e B A 4 RN, 3 KRR
T BENLR AW BOE . &5, 3C BiRMEBE
It PCR Jr ks 5 i 62 v B ARV =R B, DA 4
W RR Y €5 BT A7 2 AT AR Y (8 1),
2004 AETE BRI I BE A AIEFE b W 3C ARG )
SENL JE [ 7E 7 kb X 5] A 4 A= e o Jo A B A L
FEBEK I DNA DX ] N BE 25 5 K6r il 3C AH B A,
i Skok “FEFE N M R4 i i E T ARFEZY 600 kb
F 79 A e 0 50 B 22 1) A7 32 B g 4 A
T 3C W ZBRK AR, BT T
XFF 3C LA ML TN, Bk, ZEIAR
[f] PCR 5|9 w5 i i 22 5, T BT HAE
WA TEH Y DNA X B, 8% & BAC XC
J 5o B TR I B DD B . R, X HRER
ASPLEASAIRE S, T B I 0 B A A
ST IH— A, 25 b, 3C HiAR T ™A 5
L F I ER Y A o v R o B g s T

1.2 4C#H A

ERNH 3C HARR, HAER BRI 37 FR 78
—EMXTE P . R T 7E 45 A L T i 4 s
e 5 H 0y v B BEAEEE R B, 4C FERBIT &
R, 4C HoAR i 5 R S B W~ DNA 43
FIER A, il HA) DNA R BLAVEE SS9
AT R PCR, XA HFF 1 11— X 5| 9758 vl LAAE
FE— A E 5 5 A AR B AR A R
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(E 1), # 3C G MW — X —"E AR, HE 4C
A ARG 58— X 27 iR . Zhao S5 FIH 4C
FEARMEE T A HL19 PR 78 4 3 R 413 Bl 9 AH ELAE
PR 259 Simonis 2] 4C HR KM
LMO3 5437 1] i 5 S0 E0 1 bk B 1 i 440 ik 3 PR 2
S R e 0 5 AR DO, g T HE— 2 R 4C
FEAR B AERE N R, Huang S5 8 75 40 21
BEAILAT W7 G €00 5T A9 5 R AR AR 2 o st 1) Bl 17 e
N, IS5 G — AP BOR AT E A b, DA
D PR A ST S, A I e e T

1.3 5C#HAK

5C FARBY IR T 3C FRMI I 2 3L A 0]
HAERERRA R, FEME 3C SCERHEAZ
|, 5C i By A 2 ) LMA Jri: (Ligation-
mediated amplification) F=4: 5C (%, FLAH
B, TES PR s e E Ak . A A EAR
MR BRe s e s 4119 DNA S8, W&
PRy R Berl DAy 3, e A R A 510088 e sl
JP ot AL Z R BAE (& 1), 5C FAR AL
EHG MBS 2 X 27 R , Dostie 58 F 1] 5C &
BT K562 i H S BR A A PR AR G A 3R 4 IX
Z AR Yt R A A T, 2015 4 Sanyal
S5 ok 5C Ha I AL R 41 3 v s 3 e g 1 5
TR TR, LA A
SR, 5C BARWAFER AR ERA R, It
A BT RS YAER 2% 07, T H 238t T 40 G 4 5T
A EAERE S . Kim 25X 5C AR T ok,
Al 7T 24 A% v AT R e T O A A 3 e S I S
BT AL 3C, A, HHEHL 5C HAERFYIAL A
B — Iy 5 AN A 3 3t T I RO w5 |
Wy, WA RO 7R i 5 st

5 5C #iRZA, 3D-DSL i ARZEA T 3C Al
DNA %&£ 1%+ (DNA selection and ligation,
DSL)M k. EHAMAEYERCESE T
3C Wy, SRIE MR TR Se Bt i & 42 S AR B X AL
SO B TR S, R A e Bl e g
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Fig. 1 Chromosome conformation capture and its derived technologies. 3C, 4C, 5C and Hi-C all need to cross-link cells,
extract nuclei before experiments and digest chromatin by the restriction enzyme. 3C: During ligating the digested
chromatin fragments in a big volume, the fragments that are physically close bias to be ligated first. Then the interaction
frequency of two fragments is measured by qPCR. It’s so called as “one to one”. 4C: Chromatin fragments are cyclized
based on two steps of digestion-ligation, and only a pair of primers is used to detect the interactions between the target site
and other chromatin sites, namely “one-to-many”. 5C: Amplifying DNA chimeric fragments with T3 and T7 adaptors
followed by deep sequencing, namely “many to many”. Hi-C: a biotin labeled nucleotide is incorporated to the ligation
junction site and deep-sequencing is carried after purification by streptavidin beads, namely “all to all”. ChlIP-loop:
Combining ChIP with 3C, the chromatin conformation mediated by specific protein is captured. ChlA-PET: Combining
ChIP with Hi-C, and capturing the whole chromatin organization medicated by specific protein. HiChIP: Construct
sequencing library by Tn5 transposase which could reduce starting material. Capture-C: Capture a few events of chromatin
interaction among target DNA sites probed by biotin-labeled oligonucleotides. Capture Hi-C: Combination of Hi-C with
Capture-C to measure whole genome interacting regions with target DNA fragments. Hi-C associated genomic assembly:
Using the basic feature of Hi-C data that the interaction frequency decreases while increasing the distance to improve the
quality of genome assembly. Hi-C single cell: Using single-cell sorting technology to barcode the isolated cell and
combining with Hi-C high-throughput sequencing to capture chromosome conformation at single-cell level.
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J R e (e S 18] (9 A, RO e e LT, i
1 3D-DSL #i A, Harismendy % % Bl bk 3 bk
J% (Coronary artery disease, CAD) HH X358 1 X
35 e 0 1k Op21 4 X A e AR A AT

1.4 Hi-C #XK

Hi-C £l 1ok 45 5 A= W R 5 A i e i 2 0 e
Tk, 9T A B DR 2H YT P % € 5T PN Bl £ )5 8]
2SR E FIEAECR, DT 3RAS w2 B i g
R A EAE S . Hi-C AR EIT 3C HiR##
SER, ORI R i R A A R
FrRid, FRYRRNARRIATRALESE, RIEFIH
BT R MR AR R R ' S A L R R i
e B, BRPEIFHE T R ALY, AR e A R A
WHEINEAEFES (B 1), iFrr gt et F
2 Y 1T PN 1 T A e ST 7 2 B ) R R B AR
B, B Hi-C BoR®E iz W 288 B 5 oo
1« $5 75 Gt M I 2 R e v e A B R AR AR D) R
1l 35 P 4 = 4 PR 3 S 9T T/EH . 2009 4 Job
Dekker fiff 73 41 ] Hi-C £ AR Z: il i 1 Mb 43 3%
N =P 2 35 8 Rudan 4558 FI HI-C $EAR
&I CTCF (CCCTC-binding factor) &[54 &
1 (Cohesin) 7EANHIAZ H 3L E 7, f-5F Y CTCF
TE A [6] By Fborb 2 78 9% 608 50 B9 $1 F0 AH 5C 25 4 35
TAD (Topologically associated domains) i1 7 i
Fre e, 52 CTCF 5K [H] DNA 741454 i 22 5
A AE BN ERA IR A R AR A, BT A RS REA
719, Chandra Z&(fi ] Hi-C 2 T 400 58 25 A
HhJL A A1 3D Z5Hh AR LIRS, K BLTE 2 i i rh
TAD WA B A A, i TAD Z A1 A8 A
122120 Taberlay %A Hi-C & BUIEE 41 b
TAD &%, T #4305t (Domain boundaries),
IR S 3 TAD %0CH 3 203 KNV /N 968 40
A 5 K Z R BTE HE DBk AR R S X
B, ANA e B 20 B G €5 SRR G2 E A 2 I R R
WL 38 A2 A6t g 8 2.

A 00 Z2 A5 AR AR 15 T 356 DR B i 4 1) 52 2

http://journals.im.ac.cn/cjbcn

PE, Hi-C HAR BN A B T X 285 A0 F1 =4k L
R Ll 254 ) J1 24 B PR . Wang 88 H Hi-C # A
ol T AR UM AL 3D LR 254,
JERB T HSRE) AIB [XZE (A/B compartment) Fll
TAD, XIAFFEHE HE T X 25 PR A P e € o 4544
BT, HHoh 3D FEHR L 55 SRR Z R
SRR TR R R R, YT RS
ZAAE TAD H Rk 74 ig .

T g HIi-C BREETE , AT E T — R
Hi-C fiAbFi A, Wifz Hi-C (in situ Hi-C) FI3LF
fiti L) 1% 1 Hi-C (Digestion-Ligation-Only Hi-C,
DLO Hi-C) K. 5 2009 4EJF &K B1E KIAR T
HEATEY HIi-C HR (xR 55 —1X Dilution Hi-C)
F P 2014 4ETF R 1/ IMA R TR BEATHY in situ
Hi-C i 12 7 56 B A% N A7 58 LA B . Big T | 1%
AR, BT P PEZS I, A48 = 15 e b i )
I TS E . DLO Hi-C R T vlilE
HIR M, SCH Hind TYIHIZZBM e, Ra
FEY]FUR s b 323K )7 508 B Mme T /9 3050047
F, XFERT DLRIE Hind TTIUR AT GEREDIMIE, [H)
BFA S BE 1E T Hind VIS0 A&, Ak
J¥ 90 B A 8 i A R Begk Mme T D131 1
80 bp KU, WA B b Bl ik BE I L Uk VDI
£, WTUASMHEE Hi-C WERGS. 5 Hi-C
HFARM ., DLO Hi-C siAML . EME . 3RS A K
s BlE . DLO Hi-C 45 Dilution Hi-C Mt
TEBALM PR EREO T, FTRAREIE 21y et
B AL A ) Rao Z57E 2014 43 3 in situ Hi-C
1E GM12878 il h 2l 143 BEARIk 1 kb 1y 5E A
21 = o ] 120
2 e A R AHIRAB B S LI AT A
HA
21 RERREHTEFEA

Ye oy [T o 2 L UTTEFR ChiP-loop (Chromatin
immunoprecipitation-loop) $ At ##< K ChIP-3C.
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VE R B 9E 2R 1 B A S 1 G 68 3 EAR ) — b Oy i
ChIP-loop 454 T 44 a5t S e ML TE (Chromatin
immunoprecipitation, ChIP) #1 3C K. ChIP j&
Yoo RAVER B F455 5 W4 DNA s iy
Mok, BRELEMEXE DNA fifZEZ
BAFEY YA BAE, M 3C HA 2 Hr il
B AR Y SN BAE R OEH, [Hitk ChiP-loop i
B PR B IE R, RS2 R e A B SR g
JFRIAR AR, FRAS TR Ry s 5, &
R gL o i 2k W V)5, R TR AR Ry e v
PRIEAT O BEUTIE , SR G FRREAT = e 2 S )i )
(I 1) Horike %% ff ChlP-loop % ¥ T 1 MECP2
S BT DLX5 F1 DLX6 FE [ [A] () 4L (2 Ji 34 n]
DAV 5 e DR e s R0 umar 251 B A5
FOARAE BRI T AL e 8 BTy 487 T SATBL
B ILR S5 4 [X. (Matrix association regions, MAR)
AT FN RIS B AT (2 B MHC- 1R PR 2H R Ry )
Y ORISR, PN AP, T
kRS RE A HES S T QO R IE
¥, ChIP-loop 13 11 7 B 7E M BR 1% 8 1 Rk By 2848
A R ) € SR B P T IR s 785 1 e B

22 EXRigtricMEFEREARITREREE
ER

P X AR S s T 00 e 52 AR 23 % (8 5 A EL A
(Chromatin interaction analysis by paired-end tag
sequencing, ChIA-PET) %454 ChIP Al Hi-C,

T 4= 5L DR 20 0 R AR B 2 1 R S 2 9 DNA
HAE R Bt . ChIA-PET i AR LS T ChIP-loop,
FHEEAR 8 1 AR DR e e LT 0E DNA-ZR
RESWIE, HATEENRFEPY (] 1), ChIA-PET
AT DL TG AR - b RGN 4 5 PR 2 31 FB1 PN Y 2 J 2 (1]
I EAE, B& ChIP-loop AR 4> %L K 413
TR RIAS . Tang %6 ChIA-PET 24l T
N A 20 il 2 vl CTCF #l RNA AT 1145
f 4 e DR 21 K S 9 e 8 5 R A D R B9

Fullwood Z£#F ChIA-PET #8575 T M2 21k o
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L R AH B A R WL R R sh 7, FF el
3o 8 B € R A A S 3R DR 9 s g S B
Peng £ H ChIA-PET i RHfi3k T H3K4mel 4%
4 FhEH 7B (1B 1 % RNA B4 S Y 5
F, TEE AR E TS 3 R v R 75 e 1 22 ]
B A PR L 6 BOAR AR RS . BSR4 SRR
P TR Z G L T et i3, ik un)a s T X &
P e I AR P DR R 06T ) F AL k0, Zhao 4
FIH ChIA-PET AR 2 7 /K Ff b i H3K4me3 4H
EHBMA RNA REH IS0 )R T-Rsh T
MEAER, LA d H3KOme2 2H &M1& Sy
SEYL AR AR, DRI 23 A R A 3 BR AR
I IR B S5 0 RE O ST e 8 B A A e B
ChIA-PET il 27— SCUE PR LA E A
S Y A EAEH, M Fullwood 45974 T
Multiplex ChIA-PET, 7E ChIA-PET &% b 5]
A 6 AEERET (Half-linker), ] LA 2047 £
NN IR Z AT EEGER, 5
ChIA-PET #H It HA AL 46 4 i 1 . #EI D 2%
{GREORY e
23 FAFERERLITEMELM HI-C KA
F Gt o e e L TTTE R A7 Hi-C (in situ
Hi-C followed by chromatin immunoprecipitation,
HIiChIP) J&—Fh45 & 5L Hi-C ., oy LT e k%
JAE il S8 P2 R A BT % € AR 5 1 U 1 o HIChIP £ 4
REILPUTE G BRI & DNA fEHL T, FIH
AR Tnb 52 DNA #J%E. 5 ChIA-PET
FHEL, HIChIP 2 dn it B AR S 1%, BAETF S
SRl R A 10 5L B, SR Hi-C A AR g
o 8 (] 1), HiChIP T DL 41w 4 2 1
ARG @5 EARM G0, B s AR AL
WFFE, RG] I R R 2 AL T 5% . 2017 4F
B2 ZATH 8 HIChIP X%} A 41 i H3K27ac .
H3K27me3 Fl RNA 4l 11 /S (1 % 68 5 AH AR
FREAT TR, 7 T 4 MOAZ s i) X % Ak e 5
H AR,
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3 REFHEAARBRERS T RXNN
CXr YN

3.1 Capture-C

Capture-C 454 7 OCT H1 3C HiA , &t
3C UFE S AP ZE M RNA SRR E 2258 Ik
i, Lifgg Capture-C 3C/% (&l 1), Capture-C
AT LS S vh i AT A i R AL 6 ) G i -
1o o PR B AR R, B aT LA BH BLAE 0 I
AT 45 L R I s Rk b, B m] LA
2 AE YR 5| K S ) DNA 285 . Hughes
LR A Capture-C HARDAG TH AN RN G T
5P TTIE 2 ) RS AR 5O Capture-C 4
AR B 3 2 SR PR e R A A M R AT S 5 . (B
Z2 A 2R A A0 R e 1k B 4L S 56 T A0 i Y
i, [k Oudelaar %8 JF & T — P (K A2 45 &
Capture-C /57 (Low-input Capture-C), iXFh 7k
R A A I AR SN R I 18 A T S i 4
T, FTLARIFH 2 20 000 -4 i L3R 43 R AR
24 10 000 /™ i Jo AR 44 A P 14
3.2 Capture Hi-C

¥ OCT 5 Hi-C %5 & 174 Capture Hi-C
FA, 5 Capture-C b, Capture Hi-C A] LA JG i
LSO =Y o s o S Bt I B SRS KSR HE S e
6] () HAE ., Capture Hi-C il 78 Hi-C 8% )5, H
WA AP FEPRICH RNA #5H 5 Hi-C SUFEZAE,
FEHATE T (& 1).2015 4£ 5 Ff] Capture Hi-C
R T B KR CRC 5K AEE4I5 RNA
(Long non-coding RNA, IncRNA). & 5198 5[5 A1
A 4 A5 X ) 77 76 A0 B AR Y. Martin 28 A1
Capture Hi-C &I 4 F F 5 o yse B 8 F o s 23
S ORERE S E AR, I H 3k e AH G A FRAZ T R
% VA7 A (Single nucleotide polymorphism,
SNP) i [n] 153 25 A B BE IR BLARE, AR S
S0 SURINE- SIS I N
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4 R JA R REEE 4 B F VAT £
BA

3C. Hi-C J HAi A PR TEAE TG 28 LA A it
A REAA L, EE i R 240 JE e T 20 i 55 22 5 A
A, EMELLARAS R Y 4 DL 5E L 4R
DRI 2L ARG o [) Bk 2% % U7 24 58 (Fluorescence in
situ hybridization, FISH) %453 B HI 2 /1 B 5
HE R — B0y 4 M 2 [ A2 e B AR ) = R gL
Bk g™, Dk, KBS 40 MK b = g
PRI 40 2540 o E S R S T B2 Hi-C i s o
TET 2710, AE LN ZH 25 1 AR ICER. 240 L
BN RS 3C Bk Hi-C HARMRES; $25F1T
AE IR Z2 A B L A BRI B AR S . B
FH ¥ =X 40 9 4> % (Fluorescence-activated cell
sorter, FACS) K, ¥tk BHII#E (Laser
capture microdissection, LCM) % J5 i n] AR B
YR, LR P AN A 2 5 VR AT — IRk X
4y 10°-10° 4~ a4 (14 1)

2013 4 Nagano %/ K & 4N B 3545 16 B i
BE T b R BORAT T B A A% SE T B4 Y
Hi-C, L XfE LA $R 15 3 5 25 B 240 i 17 30 12 1%
2018 4 Tan 45T AR ML €0 AL 5 4 AR
(Diploid chromatin conformation capture, Dip-C)
AR, FHZARMmIRCY  (Multiplex end-tagging
amplification, META) J7ikibfr &L 4Ly 4 ,
HA RS RHMERAILS, &R T
SRR 20 Kb 9 N A U LA 2 P,
2019 4 Zheng %5 F| MR FE B AR T & T ChlA-Drop
K (Multiplex chromatin-interaction analysis via
DROPIet-based and barcode-linked sequencing), #)
PR R S S8 A 10 i I R DL RG34 B
RO 2 B g A BT A BAE T, BEOY R BEOR
Drosophila melanogaster S2 4 it F /] RNA B4
it 1145 314 i3 3h - DXIURAT 7 1 1k, %I
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AIRE SRR YAl AMRSMSE (One-sided extrusion)
BRI 3R H S2 4l A G TADs B i i &2 A 1k
HA B R RRE , 245 R S g b
3 JF R 3 3 5 G O v WL 1 5 SR 2 o 8L o
K, MBI K 2B ERICH ChlA-Drop %4
AFE VRN AL Hi-C R T RS 2 i 2 2 st
AU, 5B BAANAE Hi-C 43 #r o 45 A 5 i i
e ST 2H ) P L R 4 A0 L 2 e A ) e € B ] 42
TPk (Assay for transposase-accessible chromatin,
ATAC) %51k, HIi-C al I FRATTRE /R Hgn ik
V- b e 8 J5 A ) 45 1 g BE PR s 22 [A) BN B 1Y
P 21,

5 REFMABRFYERALZNNTL
ol

SERE ) I R A5 BRI R AL R DI REN 98 1Y
T HL A i DR 2 4 B R R e AR A (4 4 e Bk
TTPH R 3L N L P A5 S B I 2 L FE PR 2l 4 2%
g3k 3AEER: BT EIRE ET S (Reads),
HR A AT 0 EE B DX R P e kA K Y i 22 ) A
(Contig); SR J5 F-Ks i B2 1y 4] 44 BRIy P-H2 il K
L BR45 1 (Scaffolds); 5t G IR 412 5]
Yeta ik b, fEPREE R L 2 () AT REAFTE IR 2
25 (Gap) K48, RIREAT (5 4 PO e pa 2
W gaps 1 22 /0 i A il 24 35k R 4 2 25 I o 1 DG A
g, EEFH . R AR S8
23 R A 77 A o ML Hi-C AR v B /R 38 B B
BITEWA B, nTLAFE B scaffold A 3h$F4 3 Yy
@k b, Ao B DR 2 i 42 B (1| 1)

Hi-C i AR AE H Fi 5 8 20 41 2 b AR T
2, 5B Hi-C $R, 2017 4400y 7= A iy 3R K&
FHI Aedes aegypti K H- Bt scaffold #7741 %54,
¥ K Z Hordeum vulgare %t [H 41 95% fY 8 2%
scaffold (Super-scaffold) Ji )% 76 4% £ 4 10531,
2018 4FEFIH Hi-C £ ARZERL T MR Gossypium
arboreum JE R4 R EFT 4l %e, KB4 Contig

% : 010-64807509

N50 #2715 1.1 MbP4. 2019 4E454 Hi-C Figik
FLIM 5 A & i 58 B T Z1 35 41 B £ Epinephelus
akaara 97%JE [N 4 M4, H 4k, Hi-C iRt
E 2 0 T BAT R 22 A5 A ) i 1) 35 [ 41 41
B, 4N 2018 LT Hi-C Hd sl sh 41 H e R A=
Fifrd) =95 Saccharum spontaneum 5:E 41 7¢
AL, Burton 25 F Hi-C 45 AR 52 Hb
SNSRI /R O R PN A Rl P |
2, HeNE Rl o AT WA U v A e A
5 22> B o 0 R TR 2 1T

6 R¥

EAER 3C JHATAF AR K IR 12
BEFH AR G A 5 R SR Y T L bk
TR o WFFT N 5L il b 1 LA 9 A 51 i
SEAM I Ye o R = 45 P Baruteu 258 A
Hi-C &M T Z A (MCF-7) JEE 4 g e
0 J5T 22 () () EAE SR BTG, AR T S B A R SIE i o
DRI B TR AN, Al TR R DG AT L
1ok AR Y e JiT 2 45 0 ok S ) AH OGS R SR Gk
Lupianez % & BBk | 5 B ol 8 & 25 58 TAD
P WNT6 253 [N 235 e AR mi B2 e 4,
¥ 3C RHAFMATARAR, WA REEE R
Yo Firhin AIB X% . TAD, YL@ iR 2 AR IA| 1)
SRR AN, B AN IS B B AR
) H R, 456 Hi-C 48R DAL 40 A A e 65 )5
¥4 52 2N A58 Ak A b A= i v 2 0 BE = A R AE 1Y
— AR AR A P Y 5 SR S D e — L2
SER A R A, 3C R HATTAE R R S N A
BT N2 T JF 2 s g 6 4R S5 5 240 B S 9
e O PN i L /B S B B e N [ E T

JRUAE Y €0 ST AR G Al AR R AT A B R H TR A7
T — SO X0 A D, b L LG T 4 €2 )55 i) £
S9AHEAEF . S2I0 A K T B0 P B S R
HAERDL . 5 b S HRRARAE, (H 3C R HATT
Az HE AR T BE A 25 K RN ) RE I R A 4 (W I ST 4 446 T

. cjb@im.ac.cn



2048 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

SRR T H SO . IR 2~ e HATT AR R TE AR
Rk o R MO B SR . B S
FHOABTINGE , L2 A4 B Z IR GG AR Y7
BRIy o RIS, T Y 6 BT i S 47 AT
AP R AR, bt st | AP
FEYI . A AR AR R T AT B T

REFERENCES

[1] Parmar JJ, Woringer M, Zimmer C. How the genome
folds: the biophysics of four-dimensional chromatin
organization. Annu Rev Biophys, 2019, 48: 231-253.

[2] Li RF, Liu YT, Hou YP, et al. 3D genome and its
disorganization in diseases. Cell Biol Toxicol, 2018,
34(5): 351-365.

[3] Dekker J, Rippe K, Dekker M, et al. Capturing
chromosome conformation. Science, 2002, 295(5558):
1306-1311.

[4] Dekker J. The three ‘C’ s of chromosome
conformation capture: controls, controls, controls. Nat
Methods, 2006, 3(1): 17-21.

[5] O’Sullivan JM, Tan-Wong SM, Morillon A, et al.
Gene loops juxtapose promoters and terminators in
yeast. Nat Genet, 2004, 36(9): 1014-1018.

[6] Skok JA, Gisler R, Novatchkova M, et al. Reversible
contraction by looping of the Tcra and Tcrb loci in
rearranging thymocytes. Nat Immunol, 2007, 8(4):
378-387.

[7] Simonis M, Klous P, Splinter E, et al. Nuclear
organization of active and inactive chromatin domains
uncovered by chromosome conformation
capture-on-chip (4C). Nat Genet, 2006, 38(11):
1348-1354.

[8] Gondor A, Rougier C, Ohlsson R. High-resolution
circular chromosome conformation capture assay. Nat
Protoc, 2008, 3(2): 303-313.

[9] Zhao ZH, Tavoosidana G, Sjélinder M, et al. Circular
chromosome conformation capture (4C) uncovers
extensive networks of epigenetically regulated intra-
and interchromosomal interactions. Nat Genet, 2006,
38(11): 1341-1347

[10] Simonis M, Klous P, Homminga |, et al.
High-resolution identification of balanced and
complex chromosomal rearrangements by 4C

http://journals.im.ac.cn/cjbcn

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

technology. Nat Methods, 2009, 6(11): 837-842.
Fullwood MJ, Ruan YJ, Huang PYH, et al. Protocol:
Sonication-based circular chromosome conformation
capture with next-generation sequencing analysis for
the detection of chromatin interactions. Sci Technol
Food Ind, 2010, 3(9): 656-662.

Dostie J, Richmond TA, Arnaout RA, et al
Chromosome Conformation Capture Carbon Copy
(5C): a massively parallel solution for mapping
interactions between genomic elements. Genome Res,
2006, 16(10): 1299-1309.

Sanyal A, Lajoie BR, Jain G, et al. The long-range
interaction landscape of gene promoters. Nature, 2012,
489(7414): 109-113.

Kim JH, Titus KR, Gong WF, et al. 5C-ID: Increased
resolution Chromosome-Conformation-Capture-
Carbon-Copy with in situ 3C and double alternating
primer design. Methods, 2018, 142: 39-46.

Kwon YS, Garcia-Bassets I, Hutt KR, et al. Sensitive
ChIP-DSL technology reveals an extensive estrogen
receptor a-binding program on human gene promoters.
Proceedings of the National Academy of Sciences of
the United States of America. 2007, 104.

Cao J, Luo Z, Cheng Q, et al. Three-dimensional
regulation of transcription. Protein Cell, 2015, 6(4):
241-253.

Harismendy O, Notani D, Song X, et al. 9p21 DNA
variants associated with coronary artery disease impair
interferon-y signalling response. Nature, 2011,
470(7333): 264-268.

Lieberman-Aiden E, Van Berkum NL, Williams L, et
al. Comprehensive mapping of long-range interactions
reveals folding principles of the human genome.
Science, 2009, 326(5950): 289-293.

Rudan MV, Barrington C, Henderson S, et al.
Comparative Hi-C reveals that CTCF underlies
evolution of chromosomal domain architecture. Cell
Rep, 2015, 10(8): 1297-1309.

Chandra T, Ewels PA, Schoenfelder S, et al. Global
reorganization of the nuclear landscape in senescent
cells. Cell Rep, 2015, 10(4): 471-483.

Taberlay PC, Achinger-Kawecka J, Lun AT, et al.
Three-dimensional disorganization of the cancer
genome occurs coincident with long-range genetic and
epigenetic alterations. Genome Res, 2016, 26(6):



HE S/S#HERARGFEERBERETERAR 2049

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

(33]

s

719-731.

Wang MJ, Wang PC, Lin M, et al. Evolutionary
dynamics of 3D genome architecture following
polyploidization in cotton. Nat Plants, 2018, 4(2):
90-97.

Dogan ES, Liu C. Three-dimensional chromatin
packing and positioning of plant genomes. Nat Plants,
2018, 4(8): 521-529.

Rao SS, Huntley MH, Durand NC, et al. A 3D map of
the human genome at kilobase resolution reveals
principles of chromatin looping. Cell, 2014, 159(7):
1665-1680.

Lin D, Hong P, Zhang SH, et al
Digestion-ligation-only Hi-C is an efficient and
cost-effective method for chromosome conformation
capture. Nat Genet, 2018, 50(5): 754-763.

Rao SSP, Huntley MH, Durand NC, et al. A 3D map
of the human genome at kilobase resolution reveals
principles of chromatin looping. Cell, 2014, 159(7):
1665-1680.

Fullwood MJ, Ruan YJ. ChlP-based methods for the
identification of long-range chromatin interactions. J
Cell Biochem, 2009, 107(1): 30-39.

Gavrilov A, Eivazova E, Pirozhkova |, et al.
Chromosome conformation capture (from 3C to 5C)
and its ChlIP-based maodification//Collas P, Ed.
Chromatin Immunoprecipitation Assays. Totowa, NJ:
Humana Press, 2009, 567: 171-188.

Horike S, Cai ST, Miyano M, et al. Loss of
silent-chromatin looping and impaired imprinting of
DLX5 in Rett syndrome. Nat Genet, 2005, 37(1):
31-40.

Kumar PP, Bischof O, Purbey PK, et al. Functional
interaction between PML and SATB1 regulates
chromatin-loop architecture and transcription of the
MHC class T locus. Nat Cell Biol, 2007, 9(1): 45-56.
Splinter E, Heath H, Kooren J, et al. CTCF mediates
long-range chromatin looping and local histone
modification in the B-globin locus. Genes Dev, 2006,
20(17): 2349-2354.

Fullwood MJ, Wei CL, Liu ET, et al. Next-generation
DNA sequencing of paired-end tags (PET) for
transcriptome and genome analyses. Genome Res,
2009, 19(4): 521-532.

Tang ZH, Luo OJ, Li XW, et al. CTCF-mediated

010-64807509

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

human 3D genome architecture reveals chromatin

topology for transcription. Cell, 2015, 163(7):
1611-1627.

Fullwood MJ, Liu MH, Pan YF, et al. An
oestrogen-receptor-a-bound human chromatin

interactome. Nature, 2009, 462(7269): 58-64.

Peng Y, Xiong D, Zhao L, et al. Chromatin interaction
maps reveal genetic regulation for quantitative traits in
maize. Nat Commun, 2019, 10: 2632.

Zhao L, Wang SQ, Cao ZL, et al. Chromatin loops
associated with active genes and heterochromatin
shape rice genome architecture for transcriptional
regulation. Nat Commun, 2019, 10: 3640.

Choy J, Fullwood MJ. Deciphering noncoding RNA
and chromatin interactions: multiplex chromatin
interaction analysis by paired-end tag sequencing
(mChIA-PET). Enhancer RNAs. 2017, 1468: 63-89.
Mumbach MR, Rubin AJ, Flynn RA, et al. HiChIP:
efficient and sensitive analysis of protein-directed
genome architecture. Nat Methods, 2016, 13(11):
919-922.

Rowley MJ, Nichols MH, Lyu XW, et al
Evolutionarily conserved principles predict 3D
chromatin organization. Mol Cell, 2017, 67(5):

837-852.e7.

Hughes JR, Roberts N, McGowan S, et al. Analysis of
hundreds of cis-regulatory landscapes at high
resolution in a single, high-throughput experiment. Nat
Genet, 2014, 46(2): 205-212.

Oudelaar AM, Davies JOJ, Downes DJ, et al. Robust
detection of chromosomal interactions from small
numbers of cells using low-input Capture-C. Nucleic
Acids Res, 2017, 45(22): e184.

Jager R, Migliorini G, Henrion M, et al. Capture Hi-C
identifies the chromatin interactome of colorectal
cancer risk loci. Nat Commun, 2015, 6: 6178.

Martin P, McGovern A, Orozco G, et al. Capture Hi-C
reveals novel candidate genes and complex long-range
interactions with related autoimmune risk loci. Nat
Commun, 2015, 6: 10069.

Zhang K. Stratifying tissue heterogeneity with scalable
single-cell assays. Nat Methods, 2017, 14(3): 238-239.
Nagano T, Lubling Y, Stevens TJ, et al. Single-cell
Hi-C reveals cell-to-cell variability in chromosome
structure. Nature, 2013, 502(7469): 59-64.

. cjb@im.ac.cn



2050 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244  Chin J Biotech

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

Tan LZ, Xing D, Chang CH, et al. Three-dimensional
genome structures of single diploid human cells.
Science, 2018, 361(6405): 924-928.

Zheng M, Tian SZ, Capurso D, et al. Multiplex
chromatin interactions with single-molecule precision.
Nature, 2019, 566(7745): 558-562.

Bintu B, Mateo LJ, Su JH, et al. Super-resolution
chromatin tracing reveals domains and cooperative
interactions in single cells. Science, 2018, 62(6413).
Deal RB, Henikoff S. The INTACT method for cell
type-specific gene expression and chromatin profiling
in Arabidopsis thaliana. Nat Protoc, 2011, 6(1):
56-68.

Gnerre 'S, Maccallum 1, Przybylski D, et al.
High-quality draft assemblies of mammalian genomes
from massively parallel sequence data. Proc Natl Acad
Sci USA, 2011, 108(4): 1513-1518.

Kong SY, Zhang YB. Deciphering Hi-C: from 3D
genome to function. Cell Biol Toxicol, 2019, 35(1):
15-32.

Mascher M, Gundlach H, Himmelbach A, et al. A
chromosome conformation capture ordered sequence
of the barley genome. Nature, 2017, 544(7651):
427-433.

Du XM, Huang G, He SP, et al. Resequencing of 243
diploid cotton accessions based on an updated A
genome identifies the genetic basis of key agronomic
traits. Nat Genet, 2018, 50(6): 796-802.

http://journals.im.ac.cn/cjbcn

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Ge H, Lin KB, Shen MQ), et al. de novo assembly of a
chromosome-level reference genome of red-spotted
grouper (Epinephelus akaara) using nanopore
sequencing and Hi-C. Mol Ecol Resour, 2019, 19(6):
1461-1469.

Zhang JS, Zhang XT, Tang HB, et al. Allele-defined
genome of the autopolyploid sugarcane Saccharum
spontaneum L. Nat Genet, 2018, 50(11): 1565-1573.
Burton JN, Liachko I, Dunham MJ, et al. Species-level
deconvolution of metagenome assemblies with
Hi-C-based contact probability maps. G3 (Bethesda),
2014, 4(7): 1339-1346.

Barutcu AR, Lajoie BR, McCord RP, et al. Chromatin
interaction  analysis changes in small
chromosome and clustering  between
epithelial and breast cancer cells. Genome Biol, 2015,
16: 214.

Lupiafiez DG, Kraft K, Heinrich V, et al. Disruptions
of topological chromatin domains cause pathogenic
rewiring of gene-enhancer interactions. Cell, 2015,
161(5): 1012-1025.

Naumova N, Dekker J. Integrating one-dimensional
and three-dimensional maps of genomes. J Cell Sci,
2010, 123(12): 1979-1988.

Dixon JR, Selvaraj S, Yue F, et al. Topological
domains in mammalian genomes identified by
analysis of chromatin interactions. Nature, 2012,
485(7398): 376-380.

reveals
telomere

(ATTg A7)



