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1 Z4ERERA IR A

A5 8 T G 1005 7% [ R ST AR A 3 AR P K
J&, = AERE A 2 T U IS T BRI, Gt mify
%43 (chromosome conformation capture, 3C)"'LL & Hi
3CK TR I PR IR G 8 5 44 G4 3K (circular - chromo-
some conformation capture, 4C)°', BiHE U1 Y o A4 5
fi 3% (chromosome conformation capture carbon copy,
SO e I I AR 4 Y £ 5 K 9 3R (high-
throughput chromosome conformation capture, Hi-
C)[g]\ chromatin interaction analysis by paired-end tag
sequencing(ChIA-PET)"” fllCapture-HiC!" "' 4545 R F
BB, A AATTRT R —A 4T B4 A R0 SRS 4 11
IR RIR R I KA A AL A 2 (R 454 . R NS
LB A, Ge BRI SR, A ™
R RREH. ISR BT RN FER TN
AN ES: Ge kg (chromosome territories,
CTs)!'"*"!, X 25 (chromatin compartments)™. $fFMH
K&t 38(topologically associated domains, TADs)!""
J% et 5 A (chromatin loops, CLs)(EI1)!™. MG fh
SR YL TR, R RGN ITIBE A, T TR
BRI 73 HE N AMbZERE il kb2, B JE UK.

G R SE I i PO DT HLA 3 A7 AE 1 2R R A

7[R 54, BRSSO ARTE AT i A% N # BA HLR E IRCT,
ARGtk 2 M FICTIAIE L A &, M fRIER:
ANCTHE R J 371 S B % 5 oA CTs & 2 4 HAE AU
BANCTE W — 20 7 B A R G Rk X = A
WG FON T TR ER X S AR NI, BRI R
IEAL T IRAS S LR e 6 50N E 1 BTG R IX =B
(Gt i oG, FERRIA A TSR SE). 75 E4E
HIE, XEASXEBZEIFE—WAL, F—E%k
PR, —EeX 3 Al DU AR s a7 4
i HHI-CER AN X E NGt PR it — D4
F40 kb, 1B E FRAR IS YL a5 X 3 B TADs (4]
2), IXuezE byl B A TAD A 38 5 -5 ¥ 2 DA AH A4
5%, TADIAIREAE I 9 p0s Y. 2t — B4 TADK
it U sub-TADIR I BN A& ZF LI R B, J8 307 538587
FEAE AT AR AR G H B A 7 FIVE F R T A L3R, 1%
W5 BRI R IR IR OC, 2 2 DR 8 g b 40 1) &5+ AT
Thhe A e DL R R TR L R 2 = A A
B, JERIEERGE L EDNARF FITE G ik = 4k
% Ll REAR AR BE AR I, AT R T BE B R .
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Figure 1 3D hierarchical structural units of chromosomes. A: CTs; B: compartment A/B, compartment B tends to be localized close to nuclear
membrane; C: TADs; D: chromatin loops, the resolution has been gradually improved from panel A to D
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The resolution has been decreased to 40kb

DHSs NI B |
Genes fwd strand (+)
rev strand (-)

chr7 25,000,000 26,000,000 27,000,000 28,000,000 29,000,000
[ ] I | [ ]
H skAP2iH—HoxA1 1I|HIBADH|_|'|| - CPVLH‘M“_PI;II('Flhﬂ
NFE2L3 HOXA9l  TAX1BP1 CHN2
sppLaili snx1oHl HOXA1 creBsHH—H TMSB4XP3|
BHIH NPVFI HOXA2 JAZF1H—t— AC007255.1H
JME HOXA3 PPIAPSOI
HOXA5 RNU6-979P|AC005105.1]

B 2 HoxAF:[NFETADIE (3dBrowser). i F 3Dk PRI 41 3 W2 28 30 W Hi-CHLHE 7R B, JBZR T HOXAIFE N FEGM 12878411 A
HFEIHI-CAHEAE G, 203840 kb, BRI 6430 8 BoR B4 — TN I TAD;  1E A A H B TR BoR, &R A

TR RN

Figure 2 A heatmap of TAD for HoxA cluster (from 3dBrowser). The 3dBrowser screen shot for an example of Hi-C interaction heatmap for
HOXA1 in GM12878, at a resolution of 40 kb. The yellow and blue bars represent the different predicted TADs. The genes on the sense strand are in

black, and the antisense in blue
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SRR E ST, BT — R, R,
CL AT — 5 91 45 8 43 1 A 4 = o 4 DR 40 5 A 21
TR g R R A R S R R i dnis
PR R B AR AP R e o 2, =
D4k o TR 2L 485 A FRO R B AR 5 40 W7 PO i A e
TR TR AR TE = S R SE R SR D 2 B, 03— o
HE R4 2T IDNAJT 51 K 3 s it . 5=
VARG A TR T AR, RMEHEA S41E s
i LA SR TE TS 44 BRI e AR 2 A S5 i R P R A T
ARG AT, i A e IR o Yt =
YELER S B R ST IR, TSR Y e = g 45

PR e A, B etk = R G5 MR oK (1

5.

2 Yufh R = HEAEA LR R R
2.1 DNAJFH

— AL ZE PEDNA 7 #1445 JE R 45 4 5 1 428 17 )
&1 EFEE bk e T YRR S ), S YA
DRI ZE T s A 0 Jo . N 2R B 1 g i 2 IR 7 371 (protein-
coding sequences)%J200001, 7E4xFE K ZH A B (5 H
BIAS 7R 2%; T H AR 1383 )2 HE 4 5 1 571 (non-coding
sequences). JEgw b5 7 F1) A4 OB 0 5 =R 42 oo A
(cis-regulatory DNA elements, CRE). =i o2&
et m B MER &, B S kAEH BT
(trans-acting factors)IL[E/EH, £ 5 IR EREMH
PR EE A S BT MR TUERT
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%2155, XL TTAREA R A M SR AR B B Bk
B REER, BENACER SR AEN
Petb AR % . )8 3T (promoter) % A T 54 AL UG 17
(transcription start site, TSS)[_[-Ji#, RNAK &5 )
TG, HIEERENZ FiRED 5R3FAR
7], 3458 ¥ (enhancer) & — B AT N 5E 5 K % Sk [FDNA 7
5, HEBAER RAE SRR THE LR
| MbUA_EfAr E, HE AR MG E g 1] 8
2 38 50T VT 22 8 9 T T O A 5 28 4 FH I o
TAEP FER B R B RS E . R T
SN Y R I AR AL GUIR S, Rk i a7

Wit FLh P i B DR 2H R )R 31 294 40000~110000
ANBSL g8 29 45300000~10000004, T 4T 3 [
HH TN TR ). Fik, AR RE,
52 B 22 AN =R 42 oo A A s PR R i SR R R 47,
XAE AR B, NRRRAFEE RERIEETF
A BT HAR BAE FH, 5 izt vty 3 568 - A0 i JS 201
TE RS B TR EE 1), (s 1 3 20 T X 5Edk, —
G P S JE R (et s O TR ST s R A7 i e R
A RS BT RS )1 2 6 R LA B R ik

DUER T (silencer) /& 2 K Sk 1) L i 425 oo, Rets
of 3 R (g e iR PGB AE Y. ZERRI R BE, JTER T
AT DM R e e i A, S g T R A AR R R 1
DCask, PRI Bae ™, RIS IO TR W] DA e
BRI E AR %, e A A R, iR
WHUERFAE, R amgHmiaetax i
s,

#4621~ (insulator) BE 1% % 45 0 5¢ 14 5 1 AT ER 1,
RAIE 5 o R (3 B I RS v R 4T, Bk 2 1
IR R, a1k MR R IEH, &8
5 S R e (AR 2 M il ) 8 2 6 A )
AHEAE A AT DA e ta i = 4R G A2 T-AH
AR RGO 5, A 1538 58 1 F1 )5 3 1AL 7R
Rl —ANIAW, frm i ss 78 G 3) 178 = 4855 0] AT EE
B, (RS A, B S B T A R TR RS, B
1EEF R AN a2 T O S i R e T = 4
LRI, CAE AR IR R S k00
B 7R ot 2 R B AR BAAL, G354
AT AR, SR X B A B AT PA S AR AN TR ) BY
PepgB

=R % ok 2 BT CLRE B I B AL 7R 51, 2
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A HE A AEH B 785G Bk e S, s
[Rl-¥-4%5 4157 /i (transcription factor binding sites, TFBS).
N 35K ¥ CTCF(CCCTC binding factor, CTCF)%%
G SR P T RO AR R OB E . SRk
CTCFALA, Jett i =4ES5 M i3, et B HAREH
b2 2 Em Y, BN, CTCRES &b e 3E R 4
FEAT A, X7 PR TG I T 1A,
BE T S e o BN B FI ™. %0 90 R B i) 2 T
A g AHI-CIN 7 HOR, 8 B8 U R e 1 o0 6
DNAJFSIEE, & =4 NA &5, Xidt—
W T T — L DR 2 7 A0 i SI A = ok [R]85 ) ) i
fill. CTCF&S & A i A ARl 2k SR AR A1 23 5 M 4 € 5 (1) ¥
g B,

R oAb, ARG e ik 0 45 B A
(repeated sequencesEXrepetitive elements). DNAHE & /5
FIAE L DR A AN B R E A rh s B M (. A
RN, E P A RTC T A G € 5 e R 25 A 2H 2 1 OIK
B, TTYRBN Y 5 1 E s T B R Y B A Y
DNAH & 75 0 BH M TAD, W7 A URI, SOX9
SR (S (7 10 2 7 97 4 i PR [ g e 7100,

M 3AE 9 15 77 51 14 55 — Fh 72 #)——IncRNA(long
non-coding RNA), t ] #5554 5 X - 5t 5 SE 2L R/ H,
T B 0 5 A 235 40 BRORE T (R AR 25 4, T 4% i s I ke
B A S XYt i T, TR R X e 0 A B S 7 A 1
IncRNA——Xist(X-inactive specific transcript), 7] 53
XPe ik =gt it s HE, AT E A B 2 R TR X
A EPY. R4S 5 %1 ThymoD AJ B0A8 G (.44 1) = 4
Shik, SN SRTBellIbIEZ N B EN,, TR Ak &
R, /)B4 Y ThymoD ik 2% 2 5 S50k (088 55 22 Pk
5 RUncRNATT SEEE et R (B 11 2k 1, i 41 2%
FHEMIEDNA F 34k 45 G e (R 25 (A8 167, 78
IncRNA 5 4u ()51 73 S i A b, AT Re B & = A%
SRR MR A AR 610N e A B T 1 B R )
eRNA(enhancer RNA), ReWS i3t 51 Fl 5 3+
FRER, i R ik,

et o [X 3 AR BN R v T e (it X B, I
MM WAFER RN ER. MG EENXEB, XK=
A EERI N FAR, 45 )T 56 PR ).

2.2 DNAJAfEH
FF L AL AN LA 2 A B L DNA LA 42
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M. KEM ARV, DNAF IS HE R RIE R
2. R OTNTER. R AR EE RIS, R
NGAE A4 LR BRI AR v fi g 3R
MR R 2 1 RSN, DNAR AL
)3 BEChRE R IHIBE R A RIEST. S 3T BT X
BRAITDNA F 3R AL W] fE 23 3 B 2R R0 8 B 48 S
Ve T, AP A A R G T R, BHLAE R SR ER Y
'™, CTCFS: &0 U LK 2 HI CTCF 2R 1
ST R et SR FR AT A, TS O — R B
SMEIRIE TR B, TFBSH R th o e BEAR 2 He ok Al 1
(g £ 70731

b4, DNAFIEALIE 2 EHHSE M DNA A E H
STADKIIE L. s F A DX b i A i K 224 Cp G
(sparse conserved under-methylated CpG, scUMC)-5 28
GAGLO i = HE G AN G TR 1A 5%, Qe iiip
PRl 7~ AR 9 5~ AS 8 5 AR TAE kg A= 5/, 4ER
o5 B TG H. scUMCH B FEFE A8 k2= 5]
S Y R R T 5 407 B 465 4 ok 8 i e, #EIDHT
RAWIIEFIRE H, CTCF4S &AL s i H AL b 1
CTCFE AWML, SIRTADL A B2 %%, h
IS BUR S B K| PDGFRAW 5 35 HAth 5 X 1) 48 o4
TIHA TR, KAEMBAEN, BIGEPDGFRAKIE
PO ARk, BT BRI DNA F AL 5 11 4 R
Fi R (dCas9-Tet1 fldCas9-Dnmt3a)4F 57 14 i LA CTCF
gha AL R HIEACIRES, TTECE 1 CTCF A TR
G, IXEDNA AL RO e 057 B ) e EL 9%
Em

TE = 2 DR 20 5K 1 2 2% 45 0 3 e B (i s (o
[X %), DNAHIEAL RIS B AR, EERIX =
AT Bl A o S5 R 4 e X Ak T
FIEARCIRAS, A CEE DR 1) T2, T2 X s A X
FEBHATEHARS, T R BRI i, S
BRIFRE B . BRI, AR B IR 4
FA A 5 X AR T B B A, X
etk i) RE, S DNAFEE AT 7. @HIAA,
FEDNAH AL 418 F BB I AT XIS T RIA AL I
b PR F AL RIVE R, XGs i phk e et B4k, AT 2R3,
MIDNA F AL 33— B4tk T i ph iR s,

DNA H R:Ab it 5 3 I ) AS e PR DIAR R, BESR
KB, DNAMKH B4 ] 5 2 4% &1 % 2K (loss of hetero-
zygosity, LOH)RAERIINZE LT, 5Kk AEG Ok 5 1L,

g R AR e NN, AT
B FHET B EAORET, TIERLRA T,
UERE R AR, — 8y P A oA R R AR B
i, M SR EHMN RAEMZE F A, #—PF
B0 5T X 2k 4 k.

DNAF AL MG R E . difnth. diffimriz
PESE I, B FT R AN [F) R 4 i H A A
EA 40 Y, X AR [ A R R = o
FEDRI 2 S5 1) Bk ¢ R AR G AT TN ISR, BEE
FAH I BRI AW, BERN OE R T AR
41 i 7K F- () B 0 4 25 DR 2 DN A FR 24 7K S R L £
Jit = LS5 R T, XA S DNA B AL 5 = o 3
DRI ZH 25460 5C AR T 98 SEIIAS 44K, IX S8 T7VE 45 & T Hi-
C/3CHN4: 2k R A MV fim 2 £6 I 7 (whole-genome bisulfite
sequencing, WGBS), £ 5411l /K~ LA/ 7t DNA F Ak,
PR 5 Rt FUIRAS 2 A B AH M. Hep A S U
SHBUFE % 5 A scMethyl-HiC(single-cell Methyl-
HiC), fAII7E/N BREAGT- 41 f(mouse embryonic stem
cells, mESC) " 37 FH It HE AR & B, DNA B4 7K1 78 4t
0 5% R 5 3 M TAD N #8 HL A BEAH G, 8 A
scMethyl-HiCr= £ FFIDNA H A6 B T DL BH SR 48 e Fh
KR4 F T HImESCHR i =28, #7-smESCH) =i 1.
T Echerift 20" 17T %% F) 77 2 A sn-m3 C-seq(single-nu-
cleus methyl-3C sequencing), FIHZH AR, W5 A 3k
13 1 I 4200/ NS K 6 i 250 17 = 4 e P PR A
FI3CHIR, IXLCYH IR a5 1 1400 AN [0 B BT 4 2R Y,
T X LA i S R 2 R] 1 22 S 1tk G 0 ot BLAE & 22 St
FAL X 3 DL R CTCF 45 & AL i 1 22 53 Ve WY 2 A 55 )
FHR.

23 EESHBTERSRETFHEGEAR
ik

HIZAEYM N EAmEER TS TSR E
T, A B RS XK. BRAEYT, gy
RNA(messenger RNA, mRNA)FIK B4 I AEGm IS RNA
(non-coding RNAs, ncRNA)# & HRNAK & 1T (Pol
D) B ™) et RNAS A 1T 5 £ Fhi
3% [KF(transcription factors, TFs). J& 2l 5 M55 755
Nz o R AL RIVE R, T8 BORR E 1R G (5t 45 44
(F13). N EHE DR A v g A e =3¢ [ 1 A DR 8 H AR 72
K, 205 AR R R 8%, X B TFs il 1 46 52 F
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IBRS
—
B3 =R
HBRHEEST @ HPREET  BREERRET @ RNARSEI

Bl 3 ERZHEERRSSEALGHE. BT g TE
B CL ST, (ERE TR IR S AR F T S0 2R 8] 0 e
Figure 3 The gene structure and the transcription complex. The
promoter and enhancer can form a chromatin loop, which could
activate the transcription of target genes with the assistance of
transcription initiation complex

T 4% oA 45 A7 A5, B0 (transcription activa-
tor) B¢ 1l (transcription repressor)#43%. & 51Zid R
EHRZIEHEM, HEREEE BRI EAR
EAR. IR A OCI ER E E A i E A G i 45
P B 2 B8R VAT B, AE Yt = 4E S5 F 1R TR AT
o 7 Th e A AR Y

RNAZ G 11 538 F %% 5 K 1 (general  transcrip-
tion factors, GTF; GG ALK 7 TFIIA, TFIIB,
TFIID, TFIIE, TFUEMTFIH) 2454 S 0851
[X $#(core promoter), JE % s i 2 A 14 (preinitiation
complex, PIC). PICJEiJa, W] it — 45 gy ta i 4544,
TRAE R 3 T4 T IFCR SR, % SRNA R A 1A%
1) 4 i DR A G € A BLAE AT 0 A K, fERNAZR
G AR, A65% 5t A HAEHA K, 1X
BERERNAR ARG 5T M RAE x4
AR, RNAZAEE I ] DA o 4 s A i 3G 5 A e
GIsE O, MRS H RS 31 RO,
S R R kDO,

MR A I B R R — U7 T S DN A % 7 41
gh A (s ), — - SPICAH EAER, MITERBE
SE YL i = 4E 550, 5 a0 aris YesE B UIAE 5% 49 i
S SR TR AT TR B3 i R et R 5 i, e
Kl F-CTCF & 4 i Py il A7 7E R 25/ B2 1, 7T 5 Cohe-
sinZt £, AERR YR = RS54 BLiR T CTCFZ: 45
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MEHSCTCFE AN mighe, nHEMgEME
P G P FICTCR S & 0 A B AT RS 5 R, e
I EL B b, KANR R AR, Gyt i BAE
A T — R S R T ZNF 143 (45 547 4
CTCFIIfL i T &, UHIZNF143 7] g 5 e )i
A X BREETYYIR 5 SR,
LRy a8 1456, DERCTCRR 77 A # Bh et
JRE R, S0 G 5T AOAR AR Y. M 2 ko
DL R TR 1 — B AR B 5 Fox A TRIRN APITAS He A
BRI TR, TR BRI ), a7 onp Je
S EEARECRPIERLGIR. BEIRK AL T T
PR EERLRTE B TR, A1 3 e (5 2 [ R AR LA
FH, SR f XU 2 A ABX-CRTE & I = AN, %2
B2 AR AR e R SE R R R . 3
T 4425 1 Fab-85 CTCF 48 2 1 8 [ AH HLAE FH TP i 4 2%
TRRIENE I, 4 1 T SRR A 2 PR AT DL 4
YL T B

SR AT DRI, 30 1 b 5 Al Bl A 428 DA
F(co-regulators) (3L [ 2 5. X} % 0 K+ (activa-
tor) k2 I 15 1 FH 1 4 4 B0 IR - (co-activator), 2 F
B R B — kS, TR R BRI 2 A
(co-activator complex). 1XLEHHE [ 55 A AL R 4 s
() G 8 JoT 435 ) L R o e ok R b ke 2 00 L B A
FPY et A 52 S W) (mediator) 2 B AT TR K (1%
BhiseE R 72 A, B33 TR AN, BHRMEDI-
31, CDK8Flcyclin C™. #3rh 5 &Y 5 T
HRNAR A I f L8 < A 3e, a@dfE s
RN T, BB /IME(ucleosome), 4EFF ) 51 X 15
R MY Beah, IEA Yt )5 # 9 5 4 14 (chromatin
remodeling complex, WISWI/SNF, CHD, Ino80""14)#/l
2H 1R A 1B 11 & & 1K (histone-modification complex, 41
HEAL A< B Set 1/MLLYS PV f1 2, Wt Ak A 52 (I CBP/
p3001 %) A, B B L T = YA M A B
Wi, An SR SR AR R R 2%, ATWLEE F] Cohesinfs 5
WES, T X EAR R =B X g Ak R E T
—RCAH B SEEIEIE T SR ) e i S .

24 FEPREHMCEID S G EAE AT

FER F 5 (gene family), J& FH— N3 K] @ i 3 A
S —H IR E, HPHIAL, DhReHiT. 250
iz, [7)— S 1 25 R 23 B[] — G B AR R A [R) o7 B B
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e n i C s NEIE R/ R NI ST TE =R CE 9 3 U 37 S I )N
B AFN L, ML % (gene cluster). &
R g () B R 2 H DB, 228 i A, JER A @ H
FRBRAS R Kirkb! ), JE BRI AE AN R 4 2 8 I 09T LAAT
{EAFEFIYIRE, H AT ORI 2 A FE RN I = Rk
vk =g S A X, OREHOXERE. BRI

HOXK GBI B MW Ak & i FEdh 200
LM T 3, S ikERIk. KRB IR HOXEE R FEAR IR
AN xR R R 2 B R IA IR et
RN IR BN T, PeGHEE H B &1 (Polycomb
group, PcG)Z 5H . PcG Rt T BB I, n] 4]
FER F 3 5%, AFEPolycombiiifi| & 44 1(Polycomb re-
pressive complex 1, PRCI)FIPolycombfl#il| & 5472
(Polycomb repressive complex 2, PRC2). PcGEHE &
PRI SR AR AT, PeGE AR &k
SHOXERWEX 45E, ¥HOXFER P v BOY
et i, PR RS HIEX S, M)
HOXFE (R385 31 BR (¥ Hox AFE R 5 411 27
FRE NGB TIR,  GY T PR AE A B SBR[ Hox 2 [
PRI TR, B T PeGTEHOXKE B 1% (1) e 4 5t B PR
HRAMER, CTCFR AT AgdE I — B A T Hox L R 7%
T R B ) = g 1)

HPeGHEHE &AM X K2 TrxGE H & &4
(Trithorax group), ‘& REf# IHFRPcGE A IEH, X T4
NGRS R 4 1E I, TrxGER 38 Y (o i 5
WE EYISWUSNFEE, Refs o 2 & B A i /A
HADIRES, GG RIME T IT et i),

2.5 RN SRENFEIE BN B 6522 451

URTT 2,430 53 Bk, BE PRI 2 T AR 25 5y A AR,
TV ST 58 % ()5 23 [R) 25 44 545 85 28 E (protocadher-
in, Pcdh)/fEME RGIK B TREZEEH, B©H =K
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B 4 BeiRgifg: LAD, NADSTAD
Figure 4 The chromatin domains: LAD, NAD and TAD
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Figure 5 The differences of TAD formation between interphase and mitosis. Cohesin during interphase (A) and cohesin and condensin during

mitosis (B), which mediate the formations of different domains
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The 3D architecture of chromosomes is involved in the precision regulation of gene expression, and the changes in spatial
conformation of chromosomes, accordingly, influence the biological processes in a cell. Recent findings in 3D genomics, through
technological advances in approaches combining chromosome conformation capture (3C) and DNA sequencing, have greatly
improved our understanding that how the chromatin is folded. The chromosomes are tightly packed in the nucleus with hierarchical
structural units, and these units are influenced by many factors such as DNA sequence itself and the associated protein complex. In
this review, we focus on the major impact factors of 3D genome organization, including the primary DNA sequences and the covalent
modification of DNA (e.g. methylation); the protein complexes interplaying with gene structures and cis regulatory elements;
nucleosome positioning and histone modifications; and how the structure of 3D genome changes in mitosis and polyploidization. We
highlight the importance of 3D genome research by summarizing the current situation and progresses in studies of the impact factors
of chromatin structure. We also discuss the critical challenges in the field, and propose the future directions as well as the potential
applications in diseases.
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