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Abstract

primarily generated through V(D)J recombination during B- and T-cell development. In recent years, chroma-

Antigen receptor diversification is a central feature of the adaptive immune system and is

tin loop extrusion has emerged as a key mechanism regulating the three-dimensional organization of antigen
receptor loci and the efficiency of recombination. This review summarizes recent advances in understanding
how cohesin-mediated loop extrusion regulates V(D)J recombination in B and T cells. They discuss its roles
during lymphocyte development in the bone marrow and thymus, with a particular focus on the temporal and
spatial regulation of V(D)J recombination at the mouse /g/# (immunoglobulin heavy chain) locus. In addi-
tion, they review how transcription factors and epigenetic modifications modulate loop extrusion dynamics,
and they examine the potential links between dysregulated loop extrusion, immunodeficiency, and lymphoid
malignancies. Finally, they highlight key unresolved questions and future directions in this rapidly evolving
field. A deeper understanding of the molecular mechanisms by which chromatin loop extrusion governs an-
tigen receptor diversification will provide insights into the relationship between three-dimensional genome

organization and immune function, and may inform new strategies for the treatment of immunodeficiency and

lymphoid malignancies.
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development; T-cell development

TE N e % AR s B AN TH 0 = A 2 R
R 3244, DA BT 5% 0 JE A (RS 3 R
e X R V(D) EHE, K BT R R B A
4 X 45 HF ) V(variable). D(diversity)fl J(joining)&
FBCAE TG B R B B )N AT A A X S
FAT B 2 AR T DR AR I TR R e
X (megabase, Mb), F-AL 7 K iE VEERF B, #il i/
B 50 % Bk B 1 B 4% (immunoglobulin heavy chain, Igh)
FEIR BEZ)2.8 Mb, 4 BR 8 [ k5% (immunoglobulin
kappa chain, Igr)J K FE 3.2 Mb, T SZA&B(T cell
receptor B, TCRP) 4w i 45 [K] Jo2 Terb 21667 Kb A1,
VAT Qb K 4D 26 R 2B 2 5 L P S e P 1
& 5 J¥%ll(recombination signal sequences, RSSs)f]H
ROECxS, JEE PR EHER IS P A 2 AR, J iz K
HHIRVE B AZ Lo e

AR, = 4ERE R BI 70 K e 3R — )
AL T B ERAE S . el R G T A B R A
B, DB 52 A i DAL R 1 75 () 2 23 ] LBl A =1 3 4
(e VA 1Y = S 1 o 3 i w7 SRS TR 3
VAR U IE T R B R A R B MR 2R %
FEACTE B B R A o A SORE [ B8 G (0 5T A 5% R AE

chromatin loop extrusion; V(D)J recombination; antigen receptor diversification; cohesin; B-cell

PRS2 AL R R 2 P AR, RS AR BAH
JEANTHHRR A & o RIE TERERE, I PR ARG 2 5 HLA
L AL G BEAR III F RH A T o

1 REFEIFFFERBAY S 24l

FIEERHAKE AW (cohesin complex)H SMC1
(structural maintenance of chromosomes 1).
SMC3(structural maintenance of chromosomes 3).
RAD21(RAD21 cohesin complex component) Al
STAG18% STAG2(stromal antigen 1/2, 7R% SA1/2)2H
(B 1A). Horbr, SMC1AT SMC33d it £ 5 X T il 572
VR RAK, AE 7 — i, 3% 1) ATPRG Sk 35 25 4 35 H
RAD21ER, NMTEEIMRE S cohesinfr 3
F B 5 P 2 4 R A A B R 41 = o
P LH ZA ) S FEHLARIAR AL 7, ZAE RSN N, cohesin?E:
Gt it EInEE , AU PO G B BUE R “BE R TR AL
BNASIRGE, TR L 25 BS DNA T F1 I = AH A
FHEII (E1B).»

X — i, 33 (loading) E & ¥ NIPBL
(Nipped-B-like protein)/MAU2(MAU?2 sister chroma-
tid cohesion factor) NMY 1 57K cohesin 4% | 4x £,



1766

(A) (B)

. Carabiner
Cohesin

RAD21 CTCF
SA1/2 NIPBL/MAU2

SMC3 = SMC]\Q\:&: 4 C;fesm C}Q}) @ C"‘“‘bj Cohesin
‘%". gl > v = *) - '/\1'

Loading Extrusion

Chromatin loop extrusion

Unloading WAPL/PDS5

A FERARGMER R R FERAVBIREN, AL 17 CTCFE A LT I MOk 77 5045 G DNA, HN-ii ] LA PR 3% 52 A7
Yett R EEAT, T A BT RISt . B: 22802 & WINIPBL/MAU2RIEI 2 5 5 W) WAPL/PDS5 /™ 5 1 e 2 FUFE YL ()5t T A % i 7

A: structure of the cohesin complex. Cohesin forms a ring-shaped structure resembling a carabiner. CTCF binds DNA in an orientation-dependent man-

ner, and its N-terminal domain can impede cohesin translocation along chromatin, thereby establishing loop extrusion boundaries. B: schematic illustra-
tion of the dynamic behavior of cohesin on chromatin mediated by the loading (NIPBL/MAU2) and unloading (WAPL/PDSS5) complexes.
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Fig.1 Structure and dynamic regulation of the cohesin complex
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A: HEBAIM K B REE. HHPBAMAKIRE DI SLEIK EHATM(CLP). BB, FHIHB. MEIHB. KATB. /NATBHRIAR BB B .
FESEIERE D, YR E B S R E A, HAIE R R I IgMF AR ABAINE . B: P dGERE N i fE . TghBE R v 56 A ED-Tw L HF, B fE A
AVy-DIELHE, R GE B ELRE AT AR X . Co ST R IE DN HLHE . fEARBEAL A, Tare 1T/ R DN J92 36 3 V-T L HE AL e i mT AR X, e Tgnem] A A2 M
FRAV el A EHE . D: EHHME S 7 AI(RSS). RAGHTFZHE<12/2315 071 HIRSS, M5V DA B ERZERE, AT 5R3) 2 FEALBCREETE Ao
BEDR A AHEX 1IAGCRY) CerMISis¥IA0 & 75 T M R ICTCF 45 & JG1H(CBES), 43 BIAEIgh gk R 1 - R HIRAGLRME 4 VG B H 4 R HEIS 7
A: in the bone marrow, B cells sequentially progress through the CLP (common lymphoid progenitor), pre-pro-B, early pro-B, late pro-B, large pre-B,
small pre-B, and immature B cell stages. During this process, heavy-chain recombination occurs first, followed by light-chain recombination, ultimately
giving rise to immature B cells expressing surface IgM. B: immunoglobulin heavy-chain recombination. The Igh locus first undergoes D-Jy recombi-
nation, followed by Vy-DJy recombination, generating a complete heavy-chain variable region. C: immunoglobulin light-chain recombination. At the
light-chain loci, the /gx and /g4 loci undergo V-J recombination to assemble the light-chain variable region, and /g« can undergo either deletional or in-
versional rearrangement. D: RSS (recombination signal sequence). The RAG recombinase recognizes RSSs according to the “12/23 rule” and mediates
the proper joining of V, D, and J segments, thereby driving the formation of a diverse BCR repertoire. IGCR1 (intergenic control region 1), Cer, and
Sis each contains oppositely oriented CBEs (CTCF-binding elements) and functions to restrict the range of RAG linear scanning and maintaining the
proper timing of recombination at the /gh and the /g loci.
E2 HHEBMEA B IERTEIBCREREEHRNEE

Fig.2 Schematic diagram of bone marrow B cell development and BCR rearrangement at different loci
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A: diffusion-based model. The /g locus undergoes locus contraction, bringing numerous Vy gene segments into spatial proximity to the RC, where they

can stochastically encounter the RAG complex through random diffusion and undergo Vy-to-DJy recombination. B: loop extrusion model. Cohesin-me-

diated chromatin loop extrusion drives the movement of chromatin toward the RC. Once assembled at the RC, the RAG complex performs directional

linear scanning along chromatin, sequentially recognizing and cleaving distal Vy; gene segments to enable diversified V(D)J recombination.
B3 /NRIghZEEEV(D)IEHHLHIER

Fig.3 Mechanistic models of V(D)J recombination at the mouse Igh locus
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FHAEASP). WFH{E(DP) K CDAELCDS HLFH T (SP) K B i Bt #EDN2~DN3W B, i 4 i vT 73 AL i N yS TN B op TZAHIRA il . B~D: /Ml
TANNIA A A B B Be TCREE (A e E HE I R s i Bl o Terd s Terg M Terb7EDNFY BEE A, 1M1 TerafEDPRY BEEHE. Herh Terd Terbde i AD-THHE, 1
KHEV-DIEHE; Tergy TerafURKAV-TEHE. E: ANFTCR RSSsH BUHE R = Bl o

A: overview of T cell development. Common lymphoid progenitors migrate from the bone marrow to the thymus, and progress through the ETP (early
T cell progenitor)/DN1 (double-negative 1), DN2, DN3, DN4, ISP (immature single-positive), DP (double-positive), and CD4 or CDS8 SP (single-positive)
stages. Thymocytes commit to the Y6 T or the aff T cell lineage at the DN2-DN3 stage. B-D: schematic diagrams illustrating the organization of TCR

loci and their rearrangement at distinct developmental stages in mice. Tcrd, Terg and Terb recombination are initiated during the DN stage, whereas Tcra

recombination is initiated during the DP stage. Tcrd and Tcrb undergo D-J recombination before V-DJ recombination, whereas Tcrg and Tcra undergo V-J

recombination only.

E: schematic illustration of the organization of different TCR RSSs.
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Fig.4 Schematic diagram of thymocyte development and TCR rearrangement at different loci

Bl s AT (L ak FL R S X CTCR &S & A s 25 AL
{2 i3k cohesinff #i 1) Y 4 JF 3 T Jil, (i Bell1b38 7%+
MAZEF 7 X 6L B A% N, 73 LS Bell1b A 5
SEAHEAER, T2 5 BellIDFER 0% 5 T4 2
g W BRAL s R R AL /1, SATB 1 (special AT-
rich sequence binding protein 1) ] i i i #2234 5
TV SRS T 5 R ST EAE T, S O
T SR IR 7 J TCRIE [ JBE M 56 5 [A] 1 3k 142441,
DALk, e 0 PR 5% PR 2 AR T2 M R 7 3 8 v 0 4
DRI 2 po ) 25 KA T F ) R AL 2 —, IX PP TR &
Hh = o R R 2 1) R SRR I p G SR DR P 4 . B
T et RT R M R A P A A R R R R A
X LG LA LW E], DB B S SRR I A
PEAL T =R TR
3.2 TCREVEEHIFHIE R EHRT F

T4 32 & (TCR) % A 2 G 45 TCRP(Terb)

TCRy(Terg). TCRS(Terd)F TCRa( Tera)( 4B~K]
4E). TerbFE [N FEFS % 21667 Kb, FL5 2135V i Bt
2D BOMN 24N v B, D73 1) 4H BUDI Gy 1
MIDIC2M AN LR % . TeralTerdfir T 145 Gtk (1)
— A I JFE P (Z11.8 M), Hor Terd Fr BiAR7E
Teralf) VAT R BeZ 0], R HE 5 J5 22 Tera B HE
TE 753 [B) 45 R R T R 48 b v R B4,
TCREE A pé 1) 8 148 ™ 4 1) R B I 7 . 7E
CD4 CD8 XU H 1 (double-negative, DN)¥Y B¢, Terb.

Terd N Terg A A, HA DhaetE Torg/ Terd EEHEE H
FERBE y& T ME R 46, 10 D BEME Torb 35 HE N @ i

pre-TCRA 5 Bik #5 (B-selection), (&3 af TAHMIE R
KE . BEJ5{ECD4 CD8 X PH M (double-positive, DP)
BB, Teraja S EHE, F0] SR LR ) K A= W9 6
HEL Z 8RR EHE, BER-ADRME TCRYY, 5
Terav] FEEEdHAT Z 50 EHEANE], TerbBE ARSI FEIE H %
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BI P& S R HE R PR 1 . 1K — I i B H R
AU BRI SR R L SRR, et
JoR T H 0 = A i R 2 ) 5 L S ) [R] S

SR E, AF TCREEH MR LR PR RS B
HEF 7 5 EHER e S = 4 25 (A 1 235 TH A7 AE 30
2R, I B B 7 SO 4% 5 1) 2 57
Horb, Terg B A 2 KA TRl vy-Jy v Rl &
Z 0], 23N A s A B e 12 AR B B Bk e 1, B
o K i Rl G 8 )57 ) G B 98 1 A A T BE 55 T Terb
Tera/Terd™, A 3t, RF AP ELETCREHEH HI/EH,
H A5 2R s = AR T T e PR R DR e
3.3 TerbE R REEH BB RIS ENS

3CJ 3D-FISHSER R B, Terb3 K] HEAE DNB B
TR Bl G 8o X S8 Se 247 Rz B 5 HL AR 3G hn B,
A RAR Y H V(D) E IR A T A% () B A (5] 4A
ME 4B). RAGH(HAZE B H AR 0, HH I [ 328 Ui
0, R Y Ve v Ber NE G, TR AR
HE B, 23 A0 T Terb 5 R o2 38 1R 356 73 CBE J e 45
4 B CTCF 2 5 145 K BE B AH BAE FH A= S 5%
JERERE, A TREIAT 2 Ve v Be s B 0 2 T8 4%
fik 50 2 A E HE AR e B35 BIF R, Jz g Vi i B
JA 21 AT G838 i 9 2£ NIPBL ¥+ cohesin &k & Bt
b, TR B He, IX NI HY 2 5 TCRBE HFi
At 7 HEEE DY % R AT RE 4 R T B4E i gk
25k HEIALE, B 2R TCRBA] AEH EH ORIV A
BLAb JA B B I, 5 H R Ek = B R U Rt
WEE . SR, TERSR OCHERS 58 1 TCRPIG 32+ (TCRB
enhancer, Ep) i, RE HH A O AT A M EZH TR,
TCRBEHTCIZE BB, (H Ve Bt 5 HEHRF O (A1 =
YEAERI IR R R . X — 25 RKR M, TerbBE D 82 134
S = F AT R AR B AT R ST, FEASE
AHRE A5 1) B HE L IO
34 Tera/TerdZEEE REHR R ERIAGE
AHE

Terdhi T TeraZE R FE NS, LRSI Terb 580
B2k, IO CTCEXh $h R IR 45 14 30N DN A H Hf
HIRSHIE Y% . Terd N TeradL 3R VAR B ER, Rl
DNPY B (1) Terd EEHE W] 5200 Ji5 22 DPHT B Tera B HER
ZFEME 0, 75 DNBYBE, Terd 1iiF CTCF4S 401t
INT1/2(intergenic CTCF-binding element 1/2)5 T jf
TEA(early-a promoter)Z [A] % 534 25 14 FR ] RAG
LNVESA TG 5 INT1/26R 25 7T 3 B RAGHE A #17) b

T JE I OB AR Vo A, $78 RAGE P4
T FRAE Terd EHFAE R I EZA/EH . R TCRoY
5% F-(TCRa enhancer, E,) 32 EA1E Tera B HER K45 T
fe, N CBEA AN 2 5 DPWY Bt Tera/ Terd 5
D] JRE [X 35300 L 57, 7E DNBY B B 82 52 0 Terd
HHE S G L TeraH e 4 AR, 3 931% 5 4 BE D8] 2 1 I
LI TCFE AR R & By B A B 1 4 oA B
R D Releret,

7£ DP AR 4H M F , Eow TEA M ZAS T A0 5
F1E CTCF Al cohesinZ 5 T ik B B BURs R
Yot TR ELAE FH N2, M SR B 4 Aot g IR
BE Vo-J EEHE 6481 7E DPYI I Rt 4 Rad217] T35
TeraZ&[H B H3K4me3 7K F % . RAGEEHE 555240,
[FB Bols TEAJA 3l 1) I 25 25 A0 AR F 0k 55
HET 2 Tera) IR R EAHECT . Ak, cohesinl £ [A]
T WAPLYTE DPRIY Bt I ik 2K [FI A 42 35 2038 T Teraik 2%
FEH R, 3P HRIR cohesin /> S A H B AE %1
PR EBAER 5, 25 &, Tera/Terd 518 BE I 2
AR B — Y o 7 B T, T A2 L AECTCFI
Fhy Gt IR R LLROR B M BURE S M =T A
ER{ R e o

4 HREFERWEENIITIFERFE
4.1 PAX5/EBF1-WAPL3HAYEE

PAX5(paired box protein 5)FIEBF1(early B-cell
factor 1)/ 5 HIBAN & B SR Sk A+, g
VA Tgh i PR K PE B A5 1 ) B BRI 7
FLR I, PAXS A RE 5 14 47 pro-B A pre-B4H il -
WAPLI1) 1% . ChIP-seq /Rl 3 [A] i [ 25 S 56 IF B
PAXSIE L &5 & Wapl 3 8)) 1 M RF € 7 51 HH 52 PRC2
HEY, 18 1% XS M e R A, T4
Wapli% 5%, KB B e (0 5 I8 5% IR 3R IO B 7, A
T T Pk A% EBF 125 4 P2, & W] EBFI1AFE
AT WaplaRik , W 3 Ighfir i (1)K PE 25 3R 5%
JE. HEA I, PAXSHIEBF AN E T i 5 B4 i
R M R TR 2 08 R 4B i s, 3 m e R
WAPL/cohesin¥i H 25 5 IghXk [F i = 4 G 1
¥, 27 b, PAXS5/EBF1/WAPLH AL % 5285 4%
F I ALAE 5 PR E% e 1Y) EE B 1] A o
4.2 DNAREMWIAIECTCFE S SHFEIZR

CTCFE —HMFFIF Y DNAG & HE A, HAE
CBE_L 45 4 7l %2 2 DNA H AL 0], 76 R AR
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RET, Ighilviy V& 7 B ViS-14832 ¥ CBEJF 41
A CpGhL s, [R5 2 B DNAF BB . 1%
LA RAERIA G, CTCFS DNAMSE A RE1 N BE,
AT 1) 55 1% DX SO0r 6% e o A2 B A, 8 RAG
R IS I TR A, B 2 BRAIGZ Vi BEIAE
AR ), A AR R, DNA Ak ] g il 5 & 104
3 CTCF 5 CBEM 45 & R0, f2mih J5 sz AR K 8 i A
7] VR B i) B AR £, O BB 2 R
2L TN St 1 AR .
43 REHRECREMTUSITIFEIIGELE
T A] I 3 HE IR BE T pro-B4H M I G ta )i =
Yt y, HAFIE B FETADIL A4 G Jk 55, DL et
JoR X 5 2 [A) K BE B A TR R n U0, X R
()R T IR A B AR 22 B 4252 10 Ebf 1% B K & %
AL B IR RIE, R HF T [, 2
FHIC I YLt ot 47 28 7 5 2 5 Ml Igh 2 DR DR A IR
FEARIA B A 3 sz o Vi B8 B A A, A
1M -F 20 V(D) He i £ sk 2D BAR B BoA4 2 1) 22 4
PEDOT, BRI, 3 38R O B s 8 )57 45 ) 2 98 3 1 5 )
W A S KR B A AR 2k 1 52 i B4 i
B & RIETRE.

5 MERESER
51 HEEAEXHBESRRREE

8 B 27 A 1E (Cornelia de Lange syndrome,
CdLS) & —JS #L 7Y (1) 1% 5 (17 (cohesinopathy), F
KA S5 SMCI. SMC3. RAD21V) } NIPBLFI
HDACS8% cohesin V. % Je J i 2 A 1~ (1) AR AH O
Horp LNIPBLRR A e N H W7, A i PR AT 7T Y
7N, CALS B 1 Vi 8 Fr B B S 14 30 i A5
P , T Ve B AR R %, $2m Hbuik 2 et
A7, BT NIPBLAZ 4% cohesinZfé 2 S A% He 4
) B LR -, R R T BE R ) G )5 A B
FH )G 2806 B, DT 55 Wiz iy Vg 25 ERT v B RIS
SR, NIPBLF & AR AL An el £ 73 )2 1 BT I 52
PR, H 5 G IR R Bl ) 5 e = 4R 5L R H 25 44
Z [ R AEAE FLAE N R 06 R A e ilt— 20 Rt
Fo
52 HHERE. EEEFREHSHEEAE

cohesing 3 (1) G4 0 LI FF A 4% = 4 BE A
Y LE R RN RS, 155 5DNAT M 2 (DNA dam-
age response, DDR). 3% % 7 8 TADIU 5241, 7f

AEPLEL DNAXUEE W2 (double-strand breakage, DSB)
JE R A0 15 5 B0 2 TR 29 R S AB 52 R e R TR B 7Y, A
TG IS RAS AN e Ok 5 A B R AR AR o et fA
Gy R L ) SO B RN AR U7 30k, B8R
SRV BRI N RAGEE A S I AR =)L (2
BEDSBAR i 7 e 42, DA K55 TADIA 7 46 2 5 3
5 S f g AL AL, B D e g ik B AL
A RS BRI, BAEE IS e 0 AT e il I e R A
DNAME S 55 XU AL il 5 R ARG e v, AT
HESD IR R SR R A R R

6 RESHE

TR e i BB TR AE B B 2 AR 2 A
TEF CBUS EEE R, (H I AL A AR 3 X AT)
AFEAEAT T OB v A A — IR AT AT
6.1 BMRE ERSRRM

SR Hi-C. Micro-C K AH G 3CHTAEHIAR Nt
PG 2 AR L DR 25 (] M AR T BB T H | (HIX LY
51 2 T I AR A A i 7 [ T TR) RS 3 Al A
5, M LB R R B 20 R B R I RF LRI [R] L 4
AL AN B 5481k . Droplet Hi-C. sci-Hi-C. sin-
gle-cell Micro-C55 751 T R F T Hfi 22 P4 Jfa ) G4 £
AR S5 i 1 U370, JE S AR AE B A A TR
RE MBI =i R 22 57 . ASE 0 (8 A5 R3S
il J¢ RAGEZR PEFI B AR 2 T A7 35 1 S o, DA
T3 22 S Y] A Ak Ry VIR TR e BRI 430 s A R o 22
PSR 52 A4 PR 2R, S AR SR 7 P ]
6.2 HFEIRTHESHFSF M

4 H T e S5 A2 A HE P R B R TR AL A
WEER AR SR, AR RAE TR 52 g
DR R B L VR TR BB i D B oo i oy A 55 7
HAFE R 2. Bk, 8RR 2 A E
He i 2 A 2 T IS YA O T R AR TR, 52
FETEDFRE e R P, A R fE NV R G
I
6.3 BRI E NS

JRUE et JR A BT IR A O 19 31 22 Fh e ie 45 S 57
R, (0 H AT 2 200t 7t 3 AR HI-C. HiChIP. ChIP-
seq. CUT&Tagbh B I DR 1~ Rl B3 /b6 A S 5 R HE
cohesinAH 45 #4284k, , IX B 5 vE 2 B 2 T 5 A ik
filr, 38 H e LLIX 43 cohesindt 5 (0 R AR I 2 .
Ak, cohesinf%fi#. RAD21#k 2k 5§ NIPBL/WAPLY:
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6.4 MEETRBERE LM
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