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Figure 1 Schematic illustration of 3D genomics technologies based on high-throughput sequencing. A: Proximity ligation-based method (Hi-C); B:

SPRITE; C: GAM
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Figure 2 Hierarchical folding structures of eukaryotic chromosomes
and patterns of contact maps. A: Chromosome territories; B: A/B
compartments; C: topologically associating domains; D: chromatin
loops
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B E SRR IR, A GH A A R B R R
BHAHESR, HEI PRGNSR 5
BE[FIRY, Nagano®E NP5 A 2 IR i Py VI B 14 & 5
TnSH pe i g S, S 35 4R T St R 0L Bl S
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] S K A R ] R e Bl B 1 S BOR
S I B A AR HURE R AR 00, ke |1 2 i 2
BRI B AU G 0P IR, 7T DA PR R R A A

FIDNATI K2,

FEGEEL oy 35 7k BB AR RIS, (HUR RS2 IR R
FE T 96 LA I A IR o0 AN REALFR AN AR, AR
W B AR, IR Rk & 8 R A R
X — M, HEARBEENZHEMKE, HF
ICELL8 cx, Fluidigm CI1UL A Chromium GEM-Xj&H
RO H LR = of i b A e 4 2 S G 6 (E130). L
AN 2 A% O IIICELLS  ox F & il it o s A
S AN AR HE O L NI R AL, BSR4k
T4, AHELZ R, Fluidigm C1ZRS4EBhicn T
O R R B ST AR S B , S BA AT AR R 5 5 T AT AL B
M Chromium GEM-X"F- & M) R F Wi 8 25 e, J@id
WORAEEA K B 20 ] SDNA SRS IR IL .3, KR
PRTHEE 2 g, Droplet Hi-C5dscHi-CHt & 75
JE A Hi-CJ& A1) FH ChromiumF & 4% €0 5 7] J ik 75 £
AT F A P A 2R S v R RN AR HI-C R, R
Hr /N G5 G  Jl R v 5 ) = o 5 R 4 gl 2 146,
X ET G AR R R TR, K P =Y
BRI AW ARSI ANR S, B PR R A
RIS A

BT &, ¥ -1 & (split-and-pool)/E N
— PP E SIS VA, Nl R A M S TR A A
WA (EB3D). %M IR T 2 R & Ao, B
YA A IX — vk, HAZ OB A Tl 2 R
APeor- 2SR IC-TR & EARAE, Ha ARG
MURE AL RRAR S A A, AT JC 75 A BE 734 R AT S B
A fE B 20174, Ramani B Yok %
Fmg SHi-CEARRS, PR HsciHi-CHA, —IRSLE

A B " c i D
%@ﬁ% "R BER B
% |1 i
ESTEN © b 54 sy 8@, DIHRB
N2 — 4; \\*
. PIEE e U
ZEON mR e Tk Kf
0000 | | s BEHA
4
ORE IR SEERAYS FORE
(Split and pool)
B3 SEBMAEAFE. A DRERFHYESE; B: M0 EIUEMIESE; C: EEEREA TSN, D:

split-and-pool =138 £ 8 I B 21 g 550

Figure 3 Techniques for isolating single cells. A: Precise physical isolation using a mouth pipette; B: rapid physical isolation by flow cytometry
sorting; C: high-throughput experiment platform for single-cell barcoding; D: split-and-pool strategy for high-throughput single-cell barcoding

1112



hERE: AaRE 202544 55 FHeM

BEESRAF AT 40 M I HI-C . A ATTR H 4 i &
gmi(single-cell combinatorial indexed, sci)ZHE, XFf
7% % T split-and-pool [ JR B, WXk SR G
PRAERL G i TS e ARG AT Wr . a2 S5, ARk
S TEBEARZE AN RV, S0 R PR Gt iR B
TERRNTHH FIRE A ILANE:  SPRITEH Al 2 4047 47 -
IRATEIN Je i A MIEAT o0 Thmid, g M b
AR bR 0 SRS S A S IR A5, R
T2 IR N FHAEFE.

3.3 BT TTIE R BN S g R R A B AR

B 7R T s EN P 7, AR ER I T GE K
JE Y HAN i = YR D AR S ik aB A . R T
BOAT DLW 1) 540 i 25 ) LA R R DR R 11 2 [
i, (HALGFISHE AR 52 BR T2 8] 73 #2385 WA s 3
LR PR B AOR S 2 F AR D SR 45 5
TR PR, E o, R U R I H IR
b TS AT S AR PR (BT DL A PR S S50 2% i) 3
AN R IPY I MR AR S iR B, R = 20 2 W AU T DAy
AR KRB AR T, R R
ZEIO HEOGT 38 40 DX IBRE AT 2 UK BiFE b, AT Jik /)
RT3, Pl sZ 0k S PR 4 2 B (stimulated  emis-
sion depletion, STED)%77, D) 7 i A0 45 by e B S5 ks
(saturated structured illumination microscopy,
SSIM)S7 55 = f2 B0 AR 7 v, AR AR R
BEATL IS AT S A0 PR DX S8 P R AN 201, SRR M 2 )
Fi A BB O G A A B A AT AR BR 7 R (1)
KIMg, LhanBlpLs 2 5 B4 (stochastic optical re-
construction microscopy, STORM)HI: B & A7 fi
%45 (photoactivated localization microscopy, PALM)®!.

%2 H AR 0 I I R D FISH 7 v 08 W0 A7 £ 50 2 A 1
] /. FISHAEAE & R aefd LA Ot itamiE,
DA 2 F Ak (R A I 252 1) 2 B A B/ 1 T2 DL 1
Hrmm (LRI TR SR, 22 SRR D SRS R WS 2,
A FRECE I — DNACIRET 22 8 — e AREE, FF
I i 2 guil ol RS LE 2 R A A AL
18, M AR A HhRE o 1R 00 e ™), 5 0 — S ms o R 11
Y5 [ 7~ BF (chromatin - tracing) H A fg % H #K F BL
DNAMENIE: i85 PR S bR id 4 5 L 2 Fe A il
—RIREE TR R EDNAT Y, R REN AR
—RAREF 5 KBS S HOK, 1 2 RArd-IE KA 1)

TORER, BRI R AT RO A Sk R LA ) A ]
SR AEtY. 20164F, B R Y (05 R BRI IR #0 ) BT
TANFREE, RIh2HN20, 21, 22X Yo A i 7 5
By B (R e 0 R = 4 1|) AR S H AT, DNA-
MERFISH™!, DNA-seqFISH+""*8 ORCA®!, Hi-MP",
MINAPYZE g% T B 48 R AE 3 2 DX 48 P 12 B 50T 1
B YUK FEE, R AR 7T At i = 4R BE A
A EEFBRGERD.

4 AU = YR AL S AL A AT

WA — AN EERIRET, HBrE®E
RET RO ST, M B RAR R 45722
W5 ThBE M IZ MR BER G AR IR 25 [A] 4%
fi A 2 bR B B s R SRR I LA, ok
IR Pk, CAMRA RBRY, MUE=4E45010E
SAEAT A LA AR B Th B PR 3 X 40 i SR Y kAT A 24k
G0N LGN 2 A Sy W E — e AR B o R — ]
AR AT DALE [R] 4 A R SR AR [R] 4 272 J= T )
R, LB S EILE, X — RO SRR
P SEG AE LS. o = 4R A S5 RS B S
. RV PR 21 A8 e ik PR R 0k 1 42 ) A 2 Bt kAT
BRE i, ACE BT X - A REAA, 38 B8 IR AL f#
B =S AL LT RE i L(4). Bsh, £
)PP LA DU — 22 0t A AR E R
58, TR w2 U gt 2E e R B RTIA,
2 U0 2 SRR R 31 e = AR FE R AL 2 IR 4R, ©
JI 24 i AU ) B R R T I

4.1 FRMIEESRA S =S4 HA

FERI A = 4S50 1) 5 LR SRR B )M O, R
TR R OC R A AN . I8 R A R e R
=GB MY [E] B HEAT B S 4H P (RNA - sequencing,
RNA-seq), RJ LUK A 7] Ty G S ) 5k D8 R T8 ik 5
AR A 2R A, IR e R FL s ot
Z )7 [ B B8 ) AR 4K b B PR 3 TA 7K T 3R AT SRR A AT

HiRES 2 & A S L0 i = 4 5L DR 21 5 e 3 4
BEA MR, (5 B4 M5 B, HIRESHHRF
R B IR B R H = e 25 i A2 A, IR H
A0 M YR R ) G B A M RRAE. AN, FE 2B/ R
JVR I 5 3 AR AT AE ST () A 22 S Ve = R S5 M fr
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F1 BT RS R A = R R 2 AR

Table 1 Overview of high-throughput sequencing-based single-cell 3D genomics technologies

Jiit R I IH] HARE &
single-cell Hi-C'*! 2013 B IR S AT g Hi-C.
snHi-C 2017 JRATHI-CJ7vE, W LLE4H M A% R 46 .
improved single-cell Hi-CF"! 2017 LRGP DIEA 2R . TS 54 R 1%

sciHi-C™ 2017 split-and-pool 5 W S 3L =7 8 & 540 ffd Hi-C.

Dip-Cl* 2018 BEPEHREZ SRR, #7R R R0 A5 B0 57 1 = 4SR5 4.
sn-m3C-seq*?! 2019 WA EAH-CH WA SR, SCOL A =4 B R A +5SmC oA
Methyl-HiCP! 2019 WA EAHI-CH WA SR, ST = 4 FE R 4 +5SmC o #r.

s3-gecl 2021 split-and-pool SN S il & B AT I HI-C, T A PRI 4 Sk B e 5 v T e S R A 3R .
scSPRITE® 2022 % F split-and-pool 5 i S B iy i B L 41 g SPRITE.
Single-cell DLO Hi-Cl*? 2022 FI I Mmel BRI RERF 1, @8I B TR IR &A= B 4.

HiRES™) 2023 A TEATHI-C5 05 5%, SO B A A% = 2 DR 2H+ 5 S 4L oy A
scCARE-seq* 2023 A TEATHI-C5 10 5 5%, SO0 B A% = 2 DR ZH+ 5 S L 40 A
scNano Hi-Cl! 2023 KB =AM P HR, Kl 2 5 B .
scMicro-C*¥ 2023 (bioRxiv) 18 FH SR B AL R B RS A0 D) B e i, 3R T 23 18] 4y e

LiMCAP" 2024 NI 43 85 7 ¥ S B = e B IR 21+ S 2 A e
GAGE-seq™ 2024 K Hsplit-and-pool S, S 3 imy i B2 B 1 A = 4tk DR 4+ S 4L o

MUSICY) 2024 4k £y split-and-pool mﬂﬂﬂiéﬁﬂﬂﬁﬁﬁﬁlgj Sﬁnomics?&?ﬁﬁ?ﬁ%‘;bﬂ%ﬁ:&\%ﬁ%, 43 HTDNA-RNA
s AR EAE R,
Droplet Hi-Cl*! 2004 f# F10x Genomics il & &, %ﬂ%i@%ﬁggﬁﬁu&%mﬁﬁﬁ\ e AKIPDNA . Bk
dscHi-C [©”! 2025 {#110x Genomicsfil &V & I FE, LI EEEHI-C, 5 =4k R A+ 5 H 04T
ChATR[! 2025 {4 ChIA-Drop i FE FLAE & 1S 5 10x Genomicsii# &7 &, LAY = 4L KA

e I b+ S T

MU, HIRESHLSEEIFEN FP b = 4E85 M A2 58
TR RIEARA,  iIE I = 2 35 R 2H %o 356 DRI 1) 1
FAERSEHECHIEYE. BH)S, scCARE-seqXHIZEMLTR
W, — 20 o A 20 ] A DG Rk R (1) e s b5 L € T 4
FAZ Ak 2 TR R P O 2R, R IO &) 1 o )it ) 7388 e
- AH ELAE 1 3 5 Ae % 5 kT 2k DR 2H B K 1) 3
O LiMC AT 388 3 4% S5 23 185 6 5 9230047 U 40
FH T 40 BT mRNAYE DU 5, 10714 7 ik B 4
0 L 2 R, R P 2 50 2 A PR B 1) B AT e
ZHr b7, KRN A A BB HI-C LS. LIMCATE T
B FE TR AP AN [A] IR L 52 A4 5 [R] 5 186 98 1 2 TR) 1 2
(AL E G R, HEm Mo Bt #2270 Hh < 4 i R 08 Fp—
MR 52 AR 1% — R AT 5 12 [ S HLH]. GAGE-seq
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The highly ordered chromatin architecture in eukaryotic nuclei provides the structural foundation for genome function. Advancements
in 3D genomics technologies, particularly chromatin conformation capture (Hi-C), have systematically decoded the hierarchical
folding principles of chromatin. Single-cell 3D genomic approaches circumvent population-averaging limitations, resolving cell-to-
cell heterogeneity in chromatin architecture and offering unique insights into developmental processes and oncogenic transformation.
Integration with multi-omics addresses the technical constraints of single-modal analysis, establishing causative links between spatial
chromatin dynamics and transcriptional regulation. This review delineates fundamental methodologies in 3D genomics, evaluates the
technical merits of single-cell approaches, and discusses emerging paradigms for multi-omics integration in deciphering gene
regulatory networks, offering researchers a comprehensive panorama of technological evolution in this field.
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