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Abstract

Cohesin mediates chromatin loop formation across the genome by extruding chromatin between 

convergently oriented CTCF-binding elements. Recent studies indicate that cohesin-mediated 

loop extrusion in developing B cells presents immunoglobulin heavy chain (Igh) variable (V), 

diversity (D) and joining (J) gene segments to RAG endonuclease through a process referred 

to as RAG chromatin scanning. RAG initiates V(D)J recombinational joining of these gene 

segments to generate the large number of different Igh variable region exons that are required 

for immune responses to diverse pathogens. Antigen-activated mature B cells also use chromatin 

loop extrusion to mediate the synapsis, breakage and end-joining of switch regions flanking 

Igh constant region exons during class-switch recombination, which allows for the expression 

of different antibody constant region isotypes that optimize the functions of antigen-specific 

antibodies to eliminate pathogens. Here, we review recent advances in our understanding of 

chromatin loop extrusion during V(D)J recombination and class-switch recombination at the Igh 
locus.

Introduction

Mammalian genomes are folded into topologically associated domains characterized by 

increased contact frequency within the domains1,2. These domains have been implicated 

in regulating various biological activities, including transcription3-9, replication10,11, 
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recombination12,13 and DNA repair14-16, in part by promoting functional interactions 

between regulatory sequences and other sequences within the domains17. Many such 

domains are based on chromatin loops with well-defined boundaries anchored by CTCF-

binding elements [G] (referred to in the remainder of the text as CTCF sites that are 

bound by the structural protein CTCF (CCCTC-binding factor) and by the cohesin ring 

protein complex [G]1,18 (Fig. 1). Cohesin-mediated chromatin loop extrusion modulates 

chromosome architecture by extruding chromatin between two CTCF sites of convergent 

orientation [G] to generate loop-shaped contact domains of up to millions of bases 

in size17,19-24. Recent studies from our lab and others have advanced our mechanistic 

understanding of the genomic rearrangement processes in B cells that diversify antibody 

repertoires. These studies have shown that cohesin-mediated chromatin loop extrusion has 

fundamental roles in both V(D)J recombination [G]25-29 and class-switch recombination [G] 
(CSR) of the immunoglobulin heavy chain locus (Igh)30,31.

Antibody subunits consist of pairs of identical immunoglobulin heavy chains and light 

chains. Highly diverse amino-terminal variable regions of the heavy and light chains provide 

antigen-binding specificity, and the carboxy-terminal heavy chain constant regions provide 

effector functions32. V(D)J recombination in developing B cells assembles germline gene 

segments into immensely diverse exons that encode the heavy and light chain variable 

regions32. In antigen-activated mature B cells, CSR replaces IgM-encoding constant region 

exons with a set of different downstream exons. CSR thus provides antigen-specific 

antibodies with a heavy chain constant region that is best suited for antigen elimination33. 

The very different processes of V(D)J recombination and CSR both use chromatin loop 

extrusion to juxtapose cis-regulatory elements, substrate DNA sequences and initiating 

enzymes, as well as to promote the proper orientation of joined sequences26,30. Here, we 

review recent advances in our understanding of the functions of chromatin loop extrusion in 

V(D)J recombination and CSR of the Igh locus.

Cohesin-mediated loop extrusion

CTCF sites are widely dispersed in the genome34. However they are also highly enriched in 

certain loci, including the long locus that encodes IgH variable region gene segments35,36. A 

substantial proportion of chromatin loops occur via cohesin binding to two widely separated 

CTCF-bound sites1,18. CTCF binds these sites in an orientation-dependent manner37,38. 

Thus, genomic CTCF sites can occur in the same orientation, divergent orientation or 

convergent orientation relative to each other18 (Fig. 1). Many major genomic contact 

loops have endpoints at convergently oriented CTCF sites bound by CTCF and, indirectly, 

by cohesin18,39,40. Chromatin loops between convergent CTCF sites can be megabases 

long, and their orientation-specific bias cannot be readily explained by diffusion-based 

random collisions, which would be expected to promote the interaction of two CTCF sites 

independently of their chromosomal orientation21,22,24. Thus, models of chromatin loop 

extrusion have posited that cohesin, upon loading onto chromatin primarily at enhancers 

and active promoters41-43, actively drives the formation of contact loop domains by 

linearly extruding chromatin until extrusion is terminated in each direction upon reaching 

convergently oriented CTCF sites17,21-24 (Fig. 1).
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Convergently oriented CTCF sites provide the strongest anchors for chromatin loops, largely 

owing to stabilization of cohesin through its interaction with the N-terminus of CTCF44-47. 

However, many studies indicate that these anchors are dynamic48, in part owing to the 

continuous unloading and loading of CTCF at loop anchors49,50. In addition, CTCF sites 

that are not in convergent orientation can function as weaker loop anchors51. Loop extrusion 

also can be impeded by other ‘obstacles’, for example transcription factors bound to 

enhancers and promoters17,51-53. Therefore, loop boundaries formed by active enhancers 

and promoters may cooperate with CTCF sites to provide developmentally regulated 

sub-loops within larger loops based on CTCF sites25,26,30,54-56. Deletion or mutation of 

convergent CTCF sites results in longer chromatin loop domains4,5,7,21. Moreover, depletion 

of CTCF57,58 or cohesin58-61, as well as inhibition of cohesin ATPase activity62, eliminates 

loop domains across the genome. Furthermore, depletion of WAPL (a protein that unloads 

cohesin) leads to increased retention of cohesin on chromatin63,64 and, thereby, extends 

chromatin loop length58,59,65. This may reflect that the increased density of cohesin on 

chromatin provides more opportunities to extrude past dynamic CTCF-site anchors48,50. 

Finally, elegant in vitro studies have shown that cohesin extrudes naked and nucleosome-

bound DNA into loops66-68. Thus, the cohesin-mediated loop extrusion mechanism is now 

well accepted by the field48,51,52.

V(D)J recombination

V(D)J recombination occurs during B cell development in the bone marrow. Progenitor B 

cells (pro-B cells) first assemble exons that encode Igh chain variable regions from VH, D 

and JH gene segments by V(D)J recombination. Subsequent IgH chain expression promotes 

development to the precursor B cell stage, during which immunoglobulin light chain (Igl) 
variable region exons are assembled from VL and JL segments. IgH and IgL chains associate 

to form the B cell receptor on immature B cells, which migrate to peripheral lymphoid 

organs to become mature B cells36,69. Upon antigen activation, mature B cells can ultimately 

secrete their B cell receptor as antibodies. Studies of the role of chromatin loop extrusion in 

V(D)J recombination have mainly focused on the mouse 2.8 Mb Igh locus25-29 (Fig. 2a), and 

we refer to that locus here unless otherwise specified.

V(D)J recombination is initiated by RAG1–RAG2 endonuclease (collectively referred to 

here as RAG), which cleaves at the junctions between V, D and J coding segments and 

flanking recombination signal sequences (RSSs)70. RSSs consist of a conserved heptamer 

(closely related to the sequence CACAGTG) and an AT-rich nonamer that are separated by 

a 12 base-pair spacer or a 23 base-pair spacer. These RSSs are referred to, respectively, 

as 12-RSSs and 23-RSSs (Fig. 2b). Such ‘bona fide’ RSSs flank gene segments in all 

antigen receptor loci that undergo V(D)J recombination, including immunoglobulin and 

T cell receptor loci. The first three nucleotides (CAC) of the heptamer define the RAG 

cleavage site and are crucial for RSS functionality70. RAG also can target, at much lower 

levels, ‘cryptic’ RSSs that are not associated with V, D and J segments71. Such cryptic RSSs 

range from sequences similar to bona fide RSSs to sequences as simple as CAC12,71. Robust 

RAG-mediated cleavage is restricted to paired gene segments that are flanked, respectively, 

by a bona fide 12-RSS or a 23-RSS70. VH segments are flanked by downstream 23-RSSs, D 

segments are flanked on both sides by 12-RSSs, and JH segments are flanked by upstream 
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23-RSSs. This organization allows for V(D)J exon formation by the ordered joining of 

a D segment to a JH segment and then a VH segment to the DJH complex72 (Fig. 2c). 

Structural studies in the past decade provided a break-through in our understanding of V(D)J 

recombination. This work showed that RAG functions as a Y-shaped heterodimer in which 

active sites in the two RAG1 subunits bind a 12-RSS and a 23-RSS and align them for 

12/23-restricted cleavage73-77 (Fig. 2d). RAG is not a classic ‘recombinase’ as the RSS and 

coding-segment ends cleaved by RAG are fused by classical non-homologous end-joining 

[G]78,79.

Another advance in understanding V(D)J recombination was the discovery of the V(D)J 

recombination-centre [G]80,81. In pro-B cells, an Igh V(D)J recombination-centre occurs 

in a 5-kb region of active chromatin spanning the JH-proximal D segment DQ52, the 4 

JH segments and the intronic Igh enhancer iEμ81 (Fig. 2a). RAG binds the nascent V(D)J 

recombination-centre and upon acquisition of a JH 23-RSS forms an activated JH-based 

V(D)J recombination-centre for D-to-JH joining25,53,71. As DQ52 is located within the 

V(D)J recombination-centre, RAG can also initiate V(D)J recombination upon acquiring the 

DQ52 12-RSS26. The intergenic control region 1 (IGCR1), which contains two CTCF sites, 

lies just upstream of the distal D segment DFL16.182,83, and a cluster of 10 CTCF sites 

lies just downstream (3′) of the Igh locus84-87. Interactions between the IGCR1 CTCF sites 

and the 3′ Igh CTCF sites were implicated in anchoring a chromatin loop that sequesters 

D segments and the recombination-centre away from VH segments82,83 (Fig. 2e). The DJH 

intermediate then forms a new DJH-based V(D)J recombination-centre with its upstream 

D segment 12-RSS poised for VH-to-DJH joining25,53. Seminal 3D DNA fluorescence 

in situ hybridization (FISH) studies88-92, augmented by chromatin conformation capture 

(3C)-based studies86,93-95, discovered that the VH locus undergoes physical contraction in 

primary pro-B cells. This process was implicated in bringing distant upstream VH segments 

into close proximity to the DJH-based V(D)J recombination-centre to enable VH-to-DJH 

joining36,96-99. As discussed later in this Review, recent studies implicate a mechanistic role 

for chromatin loop extrusion in contraction of the VH locus27-29.

Discovery of RAG chromatin scanning.

To test the potential of RAG-generated double-strand breaks to generate oncogenic 

translocations, a cassette containing 12/23-matched bona fide RSSs from D and J segments 

was inserted into the mouse Myc oncogene100. This ‘Myc–DJ’ cassette was bred into an 

ATM-deficient background, which allows double-strand breaks to escape from normal C-

NHEJ complexes and translocate101,102. Strikingly, these mice developed B cell lymphomas 

with oncogenic chromosomal translocations that fused RAG-generated DNA breaks in the 

V(D)J recombination-centre with sequences far downstream of Myc103. Notably, in mice 

heterozygous for the Myc–DJ cassette allele, translocations occurred exclusively on the 

cassette-containing allele, but did not involve the cassette103. This finding suggested that 

RAG activity at bona fide D and J segment RSSs in Myc promoted ‘off-target’ activity far 

downstream in cis103.

The mechanism of this long-range, off-target activity of RAG was elucidated in v-Abl-
transformed pro-B cell lines derived from ATM-deficient mice carrying the Myc–DJ cassette 
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allele12. Such v-Abl cell lines can be viably arrested in G1 stage of the cell cycle, 

leading to the induction of RAG expression and V(D)J recombination at endogenous and 

chromosomally integrated cassette targets104. These studies used high-throughput genome-

wide translocation sequencing of V(D)J recombination outcomes (HTGTS-V(D)J-Seq [G]), 
which provides unprecedented sensitivity in elucidating RAG activity at both bona fide 

RSSs and cryptic RSSs12,53. In addition to the great majority of joining products involving 

bona fide RSSs in the Myc–DJ cassette, a small subset of break ends in the cassette RSSs 

were joined to hundreds of cryptic RSSs within the 1.8 Mb downstream portion of the Myc 
loop domain12 (Fig. 3a). Remarkably, these distant cryptic RSSs required as little as 3 base 

pairs (CAC) of the canonical RSS heptamer for paired cleavage and joining with a bona 

fide cassette RSS. In addition, cryptic RSSs were used predominantly when in convergent 

orientation with the cassette RSS to which they were joined12. The dependence of this 

process on a convergent orientation suggested the involvement of active linear pairing, rather 

than diffusion-based random collisions12,17. These findings were confirmed in primary 

pro-B cells12.

Ectopic introduction of paired bona fide RSSs into 12 other chromatin loop domains 

across the genome that are known to be based on convergent CTCF sites showed that 

the orientation of each of the two initiating bona fide RSSs, respectively, programmed 

linear, directional chromatin exploration by RAG over long distances until the convergent 

CTCF sites-based loop boundary was reached12 (Fig. 3b). In each of these chromatin loop 

domains, RAG predominantly targeted distant cryptic RSSs in convergent orientation with 

the initiating bona fide RSS12. This process was originally referred to as RAG tracking, and 

cohesin was proposed as a driver12 owing to similarities with proposed cohesin activities22. 

Contemporaneously with the RAG tracking study12, two studies provided strong evidence 

in support of a proposed cohesin-driven chromatin loop extrusion model21,24. Potential 

relationships between RAG tracking and cohesin-mediated loop extrusion were noted17
. In 

this regard, RAG tracking and loop extrusion both are linear processes, both preferentially 

use RSSs or CTCF sites in convergent orientation, and both are restricted by the same 

loop anchors based on CTCF sites12,21,24,25,53. Indeed, additional studies indicated that 

RAG tracking is more accurately described as RAG chromatin scanning, during which 

recombination-centre-bound RAG linearly scans chromatin presented by cohesin-mediated 

loop extrusion25,53. Cohesin-depletion studies in G1-arrested v-Abl cell lines provided direct 

evidence for the role of cohesin in this process27.

RAG scanning mediates physiological D-to-JH recombination.

Linear tracking had been long ago proposed to explain the highly preferential use of RSSs 

downstream, rather than upstream, of D segments to mediate D-to-JH joining105. However, 

extra-chromosomal plasmid studies dismissed tracking105 or scanning106 models for RAG 

activity in favour of diffusion-based models that proposed D segment downstream 12-RSSs 

had specialized properties for joining to JH segment 23-RSSs107. These models were 

revisited in a chromosomal setting in G1-arrested v-Abl cell lines, which activate robust 

D-to-JH joining; studies analyzed the effects of targeted mutagenesis of the endogenous D 

locus, including inversion of individual D segments and/or of upstream or downstream 12-

RSSs26. The findings implicated a linear RAG scanning mechanism in promoting deletional 
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D-to-JH joining for all D segments except for DQ52 (see below), which is physically 

proximal to JH segments in the V(D)J recombination-centre26. (Fig. 4a). This process 

often may be initiated by cohesin loading in active chromatin in the region of the V(D)J 

recombination-centre (Fig. 4a, parts ii-iv). However, it also could be initiated by cohesin 

binding upstream of the recombination-centre with the same end result (Fig. 4a, parts v 
and vi). The V(D)J recombination-centre functions as a dynamic subdomain anchor that 

strongly impedes, but does not fully block, extrusion of downstream chromatin25. Upstream 

chromatin extrusion is nearly fully blocked at the strong anchor mediated by the two 

IGCR1 CTCF sites25,26. Overall, this process allows for upstream D-containing chromatin 

to be linearly presented to the open RAG1 active site opposite the bound JH-RSS in the 

recombination-centre25,26. During RAG scanning of upstream chromatin, convergent 12-

RSSs downstream of D segments are captured, whereas 12-RSSs upstream of D segments in 

the same orientation as JH segment 23-RSSs are almost invisible to RAG26. These, and prior 

studies, showed that the preferential use of RSSs in convergent orientation is an intrinsic 

property of RAG scanning12,26. To facilitate visualization of this process, we provide an 

animated model (Supplementary Video 1).

Given the very close proximity of DQ52 in the V(D)J recombination-centre to the JH 

segments, both the upstream and downstream 12-RSSs of DQ52 should in theory access 

V(D)J recombination-centre-bound RAG by short-range diffusive motion, resulting in 

deletions and inversions during D-to-JH joining 12,26. However, DQ52 joins to JH segments 

predominantly by deletion. To resolve this potential paradox, DQ52 and its RSSs were 

inverted in the V(D)J recombination-centre location, leading to predominantly inversional 

DQ52-to-JH joining mediated by the 12-RSS that is normally downstream of DQ52 but now 

placed in a divergent orientation upstream of DQ52. Thus, DQ52 seems to have evolved a 

dominant downstream 12-RSS107. This dominant downstream 12-RSS in its normal location 

in the V(D)J recombination-centre promotes deletional joining to JH and obviates diffusion-

mediated inversional joining by the weaker upstream 12-RSS26. When DQ52 was inserted, 

in its normal orientation, far upstream in place of DFL16.1, it also was highly used for 

deletional joins mediated by its robust downstream 12-RSS. However, when DQ52 was 

inverted in this far upstream location, the weaker 12-RSS normally upstream of DQ52, 

now in a downstream orientation convergent to JH, became predominantly used to mediate 

deletional JH joining26 (Fig. 4b). This set of experiments provided clear evidence that linear 

RAG scanning enforces the deletional joining of D segments that lie distal to the V(D)J 

recombination-centre26. Finally, when DQ52 was inverted in the DFL16.1 position, its 

dominant 12-RSS, now in the upstream position, mediated low-level inversional joining to 

JH (Fig. 4b). A model to explain this latter finding proposed that the strong RSS in upstream 

position gains low-level access to V(D)J recombination-centre-bound RAG via short-range 

diffusional motion when brought into proximity by loop extrusion26 (Fig. 4b). Related 

diffusional mechanisms might contribute more prominantly to programmed inversional 

V(D)J recombination at other antigen receptor loci, including long-range inversional joining 

within the Igκ light chain locus (Box 1).
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VH accessibility during RAG chromatin scanning.

All VH segments and their associated 23-RSSs lie in convergent orientation with the 

upstream 12-RSSs of D segments of the DJH-based V(D)J recombination-centre36. In this 

regard, early findings that the D-proximal VH segments are the most frequently rearranged 

suggested a role for linear scanning106. However, that study pointed out the complicating 

factor that the D-proximal VH5-1 barely rearranges, despite its consensus bona fide 23-

RSS106. Remarkably, all of the D-proximal VH segments, except for VH5-1, have CTCF 

sites directly downstream of their 23-RSSs25,36,85,108,109. To test the potential roles of these 

CTCF sites in promoting rearrangement, the CTCF site of the most highly rearranging 

VH5-2 (also known as VH81X), which lies just upstream of VH5-1, was mutationally 

inactivated, which nearly abrogated use of VH5-2 in primary pro-B cells, despite its 

bona fide 23-RSS25. For further analysis, G1-arrested v-Abl cells were used, which do 

not undergo VH locus-contraction or distal VH-to-DJH rearrangement25. Indeed, in v-Abl 
cells, linear scanning upstream of the DJH-based V(D)J recombination-centre is largely 

blocked at the IGCR1 anchor12,25. However, mutational inactivation of IGCR1 CTCF sites 

in v-Abl cells extended RAG scanning through the 100kb intervening region containing 

IGCR1 to the most proximal VH segments12,25. Moreover, IGCR1 inactivation greatly 

increased interactions between VH5-2 and the DJH-based V(D)J recombination-centre and, 

correspondingly, increased its rearrangement frequency about 50-fold12,25,82,83 (Fig. 4c). 

Remarkably, inactivation of the VH5-2-associated CTCF site in the context of IGCR1 

inactivation still nearly abrogated interaction of VH5-2 with the V(D)J recombination-centre 

and its high-level rearrangement. Moreover, inactivation of the VH5-2 CTCF site promoted 

robust scanning upstream to the next VH segment VH2-2, which became highly used25. 

These results solved the mystery of low-level VH5-1 rearrangement, owing to its lack of 

a downstream CTCF site. Conversion of a non-functional sequence just downstream of 

VH5-1 into a functional CTCF site promoted robust interaction of VH5-1 with the V(D)J 

recombination-centre and rendered it, by far, the most frequently rearranged VH
25.

These studies showed that the convergent RSSs of proximal VH segments alone do 

not promote robust rearrangement during linear RAG scanning and that proximal VH 

CTCF sites are required to enhance chromatin accessibility25. This function, which 

is not absolutely dependent on orientation of the CTCF site, is based on the ability 

of VH-associated CTCF sites, but not RSSs, to impede loop extrusion and, thereby, 

prolong interaction with the V(D)J recombination-centre25 (Fig. 4c). Although proximal 

VH-associated CTCF sites do not create absolute boundaries for loop extrusion and RAG 

scanning, the first few proximal VH segments that are encountered dominate recombination-

centre interactions and rearrangements in v-Abl cells, albeit at progressively decreasing 

levels as expected for a linear process (Fig. 4c).

Loop extrusion promotes VH locus contraction and scanning.

Many of the 109 VH segments in the mouse genome lie in a 2.4 Mb region upstream 

of the proximal VH segments that harbours numerous CTCF-bound sites. Unlike the 

proximal VH-associated CTCF sites, upstream CTCF sites are not directly adjacent to VH 

segments25,36,85,108,109, which suggests that they might have different or additional roles. 

The CTCF sites of the VH locus are in convergent orientation with the ten 3′ CTCF sites 
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downstream of the Igh locus 36 and have substantial interactions with them86,93. In this 

regard, loop extrusion has been considered as a mechanism for locus contraction27-29,110. 

However, CTCF-bound sites across the VH locus would be impediments to linear loop 

extrusion25, unless their inhibitory activity as observed in v-Abl cells is somehow reduced 

in primary pro-B cells27. Notably, CTCF depletion in non-lymphoid cells suppresses 

most CTCF site-based chromatin interactions across the genome57,58. To test the potential 

negative effects of CTCF-bound sites on locus contraction and long-range RAG scanning, 

CTCF was depleted in G1-arrested v-Abl cells27, which reduced interactions of the 

recombination-centre with IGCR1 CTCF sites and the CTCF sites of the most proximal VH 

segments. By contrast, CTCF depletion promoted robust recombination-centre interactions 

across the distal VH locus, with hallmarks of locus contraction essentially identical to those 

in locus-contracted primary pro-B cells27. Correspondingly, CTCF depletion activated robust 

distal VH-to-DJH joining in v-Abl cell lines. In these studies, free CTCF was eliminated 

but chromatin-bound CTCF remained associated at lower levels with certain CTCF sites27. 

Thus, it is proposed that bound CTCF was sufficiently depleted to allow for loop extrusion-

mediated RAG scanning to frequently pass IGCR1 and VH locus CTCF sites, but that 

residual CTCF at some sites promoted recombination-centre interactions and use during 

scanning27. These studies provided proof-of-principle in cell lines that downmodulation 

of CTCF site impediments activates locus contraction and long-range RAG scanning. 

However, addressing the mechanism that operates in primary pro-B cells required different 

approaches.

Cryptic RSS use supports long-range VH locus scanning.

A diffusion-based model of access to distal VH segments, in its simplest form, predicts 

little impact of VH RSS orientation on access to the DJH-V(D)J recombination-centre. By 

contrast, a linear scanning model predicts that inverting the normally convergent VH RSS 

to the same orientation as the RSS of the DJH-V(D)J recombination-centre would markedly 

decrease its rearrangement. To distinguish between these two models, one study inverted 

an 890 kb portion of the distal VH locus28, and a second study inverted a 2.4 Mb portion 

of the VH locus, leaving D-proximal VH5-2 in its normal position and orientation29. VH 

rearrangements were essentially abrogated in both inverted regions, whereas VH segments 

left in their normal orientation were still rearranged28,29 (Fig. 5a).

To assess effects of the 2.4 Mb inversion on Igh chromatin interactions, a LAM-HTGTS-3C-

Seq [G] approach was used25. Such chromatin interaction assays must be carried out in 

RAG-deficient v-Abl or primary pro-B cells to obviate confounding changes in genome 

organization associated with V(D)J recombination25-27,29. In primary pro-B cells, the 

recombination-centre interacts robustly with about 15 highly focused regions29, many of 

which have been speculated to be involved in locus contraction93. Among the most robust 

are the PAX5-activated intergenic repeat (PAIR) elements93,97,111,112 in the distal VH locus. 

Remarkably, all major recombination centre–VH locus interactions were maintained within 

the inverted VH locus as mirror images29. Transcription profiles were precisely maintained 

across the inverted locus, albeit in the opposite direction relative to the recombination-

centre. Nearly all CTCF sites spread over a 1 Mb distal region of the locus maintained 

similar levels of interactions with the 3′ CTCF sites downstream of the Igh locus when 
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they were inverted and moved into a proximal position, but the 37 functional VH segments 

inverted in this region still did not rearrange29.

HTGTS-V(D)J-Seq analyses revealed that in normal VH loci, RAG uses, in addition to 

convergently oriented bona fide VH RSSs, hundreds of convergent cryptic RSSs embedded 

across the VH locus29 (Fig. 5b). Use of these normally convergent cryptic RSSs was 

abrogated in the inverted VH locus, which is fully consistent with a linear scanning 

mechanism for RAG. Strikingly, however, cryptic VH-locus RSSs normally in the same 

orientation as the RSS of the DJH-V(D)J recombination-centre became robustly used when 

placed in a convergent orientation upon locus inversion29 (Fig. 5b). These studies show 

that RAG scans the entire inverted VH locus from its DJH-recombination centre location, 

although not necessarily from the same starting point in the VH locus (as described later). 

Correspondingly, the inability of inverted bona fide VH RSSs to be rearranged during 

RAG linear scanning of the VH locus, similarly to the RSSs upstream of D segments, 

predominantly reflects their inability to be properly paired28,29 (Fig. 5c)

WAPL downregulation promotes long-range scanning of the VH locus.

Inversion of the 2.4 Mb VH locus in primary pro-B cells extended the scanning activity of 

V(D)J recombination-centre-bound RAG to cryptic RSSs beyond the VH locus by extending 

loop extrusion through multiple convergently oriented CTCF sites to the telomere (Fig. 

5b, c). This finding indicated that CTCF site-mediated impediments to loop extrusion 

are broadly deregulated in primary pro-B cells, both in the Igh locus and beyond29. An 

interesting unsolved question is why RAG scanning proceeds beyond the VH locus in pro-B 

cells with an inverted Igh locus but not in those with normally oriented VH segments. One 

possibility could be decreased impedance of loop extrusion by normally proximal CTCF 

sites when they are inverted in a distal position29.

Strikingly, 3C-based Hi-C studies of chromatin interactions indicated that chromatin loops 

are extended across the genome in primary pro-B cells28. To identify factors associated 

with the cohesin complex that might be deregulated to allow for such extended chromatin 

looping and scanning in primary pro-B cells, both of the VH locus inversion studies looked 

for factors that are differentially expressed in primary pro-B cells compared with earlier or 

later developmental stages and/or v-Abl cell lines28,29. Both studies identified the WAPL 

cohesin-unloading protein as one such factor28,29. As mentioned above, WAPL depletion in 

non-lymphoid cells increases the size of CTCF-anchored loops genome wide58,59,65. Thus, 

WAPL downregulation in pro-B cells was a strong candidate for promoting enhanced loop 

extrusion past CTCF site-based VH locus impediments.

The transcription factor PAX5 has long been known to be required for locus contraction 

and recombination of distal VH segments89,113, with one postulated mechanism involving 

transcription of PAIR elements in the distal VH locus97,111,112. However, an elegant recent 

study discovered that PAX5 achieves this function by mediating developmental reduction 

of Wapl expression in pro-B cells28. PAX5 suppresses Wapl transcription by engaging a 

PAX5-binding element in the Wapl promoter and then recruiting the polycomb repressive 

complex 2 (PRC2) to induce repressive H3K27me3 histone methylation28. Remarkably, 

deletion of this PAX5-binding element resulted in loss of VH locus contraction and distal 
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VH rearrangements in pro-B cells28. These studies further revealed that an approximately 

four-fold reduction in Wapl expression is sufficient for locus contraction and distal VH 

rearrangement28. Although this reduction in Wapl expression also altered genome-wide 

chromatin architecture, it did not impact gene expression required for pro-B cell survival28. 

A contemporaneous study showed that depleting WAPL in G1-arrested v-Abl cells activated 

VH locus contraction and V(D)J recombination across the entire upstream VH locus29. 

Moreover, WAPL-depleted v-Abl lines with the 2.4 Mb VH locus inversion had the same 

phenotype as primary pro-B cells with this inversion, with respect to both effects on the 

use of bona fide and cryptic RSSs and the activation of RAG scanning upstream of Igh 
to the telomere29. In support of increased cohesin processivity in WAPL-depleted v-Abl 
lines, cohesin was redistributed to distal VH regions and to the 3′ Igh CTCF sites, similar 

to the distribution observed in primary pro-B cells29. Overall, this work showed that 

WAPL downregulation neutralizes the impediments to VH locus contraction and distal VH 

rearrangement that would otherwise be mediated by CTCF sites in pro-B cells28,29.

Substrate accessibility during V(D)J recombination.

V(D)J recombination is regulated epigenetically by modulating the chromatin accessibility 

of substrate V, D and J segments to RAG activity32. Factors implicated in determining 

accessibility include sense and antisense transcription and active chromatin32,96,114-117. New 

insights into regulating accessibility have recently come from studies of v-Abl cell lines 

in which downstream-oriented RSSs in the V(D)J recombination-centre programme robust 

RAG scanning across the downstream CH-containing domain to the 3′ CTCF sites26 (Fig. 

6a, parts i-v). This downstream Igh domain lacks dominant bona fide RSSs or CTCF 

sites that impede scanning, which allows for accessibility mechanisms to be more readily 

revealed.

In these v-Abl cells, a 7kb repetitive switch region [G] (S region) that is constitutively 

transcribed functions as a dynamic loop extrusion anchor and, thereby, targets downstream 

RAG scanning to cryptic RSSs located all across it26. Indeed, deletion of the S region 

promoter abrogated transcription, V(D)J recombination-centre interactions and the ability to 

target RAG scanning, all in association with allowing loop extrusion to proceed through this 

S region unimpeded26. This work indicated that transcription, similarly to CTCF-bound 

sites, can target a sequence for accessibility during RAG scanning by increasing its 

interaction with the recombination centre26 (Fig. 6a, part iv). A related study revealed 

that binding of catalytically ‘dead’ Cas9 (without endonuclease activity but which retains 

specific DNA-binding activity) to 16 repeated target sites in a different, untranscribed S 

region also impeded RAG scanning and focused RAG activity to convergent cryptic RSSs 

within it26 (Fig. 6a, part iii). This latter study suggested that binding of ‘dead’ Cas9 

may sterically hinder RAG scanning. However, a caveat was that binding of ‘dead’ Cas9 

promoted accumulation of the cohesin loader NIPBL and of cohesin across the region, 

which raises the possibility of an indirect inhibition mechanism26.

Analyses of various parameters for individual VH segments in primary pro-B cells and in 

WAPL-depleted v-Abl lines implicated CTCF site activity and/or transcription in enhancing 

the accessibility of their RSSs25,27,29. Proximal VH segments lack detectable transcription 

Zhang et al. Page 10

Nat Rev Immunol. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and their use correlates with impediments to further scanning mediated by CTCF sites25. 

By contrast, all highly rearranged distal VH segments are transcribed; although not all 

transcribed segments are highly rearranged27,29. Most of the highly rearranging, transcribed 

distal VH segments also have CTCF-bound sites within 10 kb that could conceivably 

function with transcription to enhance interaction of the region containing them with the 

V(D)J recombination-centre during RAG scanning29. Finally, some frequently rearranged 

VH segments in the middle of the VH locus lack closely associated CTCF-bound sites 

and are not transcribed, which suggests that other accessibility factors remain to be 

elucidated27,29.

Summary of loop extrusion-based models for V(D)J recombination at the Igh locus.

Igh locus V(D)J recombination is predominantly initiated from the V(D)J recombination-

centre, which harbours the vast majority of bound RAG80,81. Current findings indicate 

that the V(D)J recombination-centre also functions as a major downstream anchor for 

loop extrusion-mediated RAG scanning of upstream chromatin25-27,29. The 3′ CTCF sites 

downstream of the Igh locus have also been proposed to have roles in anchoring loop 

extrusion during long-range Igh V(D)J recombination25,28,110. Similarly to other CTCF 

sites genome wide, the 3′ Igh CTCF sites impede RAG scanning26. Thus, the 3′ CTCF 

sites might reinforce the loop anchor provided by the V(D)J recombination-centre upon 

their extrusion-mediated juxtaposition. Surprisingly, however, recent studies have shown that 

complete deletion of the 3′ Igh CTCF sites has little impact on Igh V(D)J recombination29. 

But, as described for CSR below, other CTCF sites further downstream may be extruded to 

the recombination centre and compensate for the putative functions of the 3′ CTCF sites in 

their absence29,30.

The initial D-to-JH V(D)J recombination step incorporates both short-range diffusion and 

long-range RAG scanning. Owing to its location in the V(D)J recombination-centre, the 

frequently used DQ52 accesses RAG mainly by short-range diffusional motion26. Indeed, 

loop extrusion is thought to counteract even more dominant use of DQ52 by quickly 

isolating it from recombination centre-bound RAG26,118. All D segments upstream of the 

V(D)J recombination-centre are accessed primarily by linear RAG scanning26 (Fig. 4a). 

The very frequent use of distal DFL16.1 may reflect prolonged interaction with the V(D)J 

recombination-centre owing to scanning being impeded by the IGCR1 CTCF sites26,119. 

Robust transcription of the IGCR1–DFL16.1 region may also contribute to its high-level 

targeting during RAG scanning26. Lower-level targeting of intervening D segments also may 

be mediated by their antisense transcription26,117,120.

IGCR1 prevents direct joining of VH segments to D segments82,83. In pro-B cells, Wapl 
downregulation suppresses IGCR1-based and other VH locus impediments to RAG scanning 

sufficiently to promote VH locus contraction and the use of VH segments across the 

locus29. In theory, D-to-JH joining might activate Wapl downregulation to enable locus 

contraction. However, locus contraction also occurs in RAG-deficient pro-B cells in the 

absence of V(D)J recombination88,89,93. Thus, PAX5-mediated downregulation of Wapl 
expression may be an early event associated with differentiation to the pro-B cell stage. If 

so, D-to-JH rearrangements may occur first owing to their proximal position to the V(D)J 
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recombination-centre during scanning. Understanding how the persisting activity of CTCF 

sites following a four-fold reduction in WAPL levels, together with transcription and other 

factors, contribute to the rearrangement levels of each VH segment across the loop extrusion 

path remains an interesting challenge.

How RAG scanning promotes diverse distal VH use in the face of downstream scanning 

impediments and proximal VH rearrangements after Wapl downregulation is another 

challenging question. One model suggests that pro-B cells often initiate loop extrusion 

of upstream chromatin past nascent V(D)J recombination-centres that progresses to 

various distances across the VH locus in individual cells29 (Fig. 6b). Subsequent RAG 

binding to extruded nascent V(D)J recombination-centres could then generate active V(D)J 

recombination-centres at various points across the VH locus29 (Fig. 6c). Extrusion of 

downstream chromatin from cohesin bound to distal VH domains with high transcriptional 

activity could also mediate this process. Such a mechanism could minimize the potential 

competitive advantages of D-proximal VH segments during scanning to ensure the 

generation of diverse antibody repertoires29.

Another recent report proposes a model in which loop extrusion and diffusional access 

cooperate to promote distal VH use28. This model suggests that 3′ Igh CTCF sites and 

convergent VH locus CTCF sites anchor ‘stable’ chromatin loops that allow for VH segments 

within the loop to access the V(D)J recombination-centre by diffusion28. As currently 

proposed, this diffusion-based model does not readily explain the long-range orientation-

specific use of cryptic RSSs across normal and inverted VH loci. However, this report 

proposes a second model in which orientation specificity is mediated by the alignment of 

convergent VH region RSSs and V(D)J recombination-centre RSSs for deletional joining via 

linear loop extrusion28. This second model is very similar to the linear RAG scanning model 

with one exception27,29 in that it proposes no role for the well-documented ability of the 

V(D)J recombination-centre to function as an extrusion anchor that increases the frequency 

of relevant interactions25-27,29.

Class-switch recombination

Exons encoding the immunoglobulin heavy-chain constant (CH) regions lie within a 

downstream 250kb Igh subdomain that lacks CTCF sites. Transcription from an assembled 

V(D)J exon runs through Cμ exons encoding the C-terminal CH region that specifies IgM. 

Upon activation, mature B cells undergo CSR to replace the Cμ exons with one of 6 sets 

of CH exons in the 100–200kb downstream subdomain33 (Fig. 7a). Each set of these CH 

exons (Cγ3, Cγ1, Cγ2a, Cγ2b, Cε and Cα) specifies an antibody class with different 

effector properties and functions121. Long, repetitive S regions (up to 12kb) precede Cμ and 

each downstream CH
121. Activation-induced cytidine deaminase (AID)122 initiates CSR by 

generating deamination lesions at short target motifs within donor Sμ and a downstream 

acceptor S region33,123. These lesions are converted into double-strand breaks by co-opted 

general DNA repair pathways33,123,124. Deletional end-joining of the upstream end of an 

Sμ double-strand break to the downstream end of an acceptor S region double-strand break 

completes productive CSR in mice and humans13 (Fig. 7a).
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Enhancers at either end of the CH-containing Igh subdomain have important roles in CSR. 

Deletion of iEμ variably reduces CSR125-128. The 27kb 3′ Igh regulatory region (3′IghRR) 

super-enhancer at the downstream end of this subdomain contains closely associated 

enhancers that are essential for transcription from S region promoters (I-promoters) to 

induce transcriptionally mediated CSR129-132. Early 3C studies detailed the interaction 

patterns of the 3′IghRR and iEμ with different CH regions in resting and CSR-stimulated 

wild-type B cells that corresponded to I-promoter transcription and associated patterns 

of CSR132. These seminal studies suggested that interactions of 3′IghRR with upstream 

I-promoters form a ‘synaptosome’ that determines the potential for germline transcription 

and CSR to associated S regions132. The mechanism by which synaptosome structures are 

formed between widely separated Igh sequences remained unclear. However, other early 

studies provided a mechanistic hint with the finding that I-promoters located across a 100kb 

upstream region undergo linear competition for 3′IghRR-mediated activation to promote 

CSR133.

Because S regions are up to 12kb long and repetitive, prior CSR assays yielded few CSR 

junctions, all from S region borders, and gave limited mechanistic insights. Based on 

studies in transformed cell lines, DNA breaks were proposed to join at similar levels by 

inversional and deletional joining during CSR, with cellular selection required to sort out 

productive deletional rearrangements134. However, a recently developed high-throughput, 

highly sensitive LAM-HTGTS-Seq CSR assay has identified tens of thousands of CSR 

junctions across the entire length of acceptor S regions in CSR-activated normal B cells13. 

This assay revealed that AID-initiated double-strand breaks during CSR arise from most 

of the hundreds of deamination motifs across S regions and confirmed that donor and 

acceptor S region breaks can be generated independently of S region synapsis13. Moreover, 

this assay revealed that the great majority of CSR joining events between donor Sμ and 

acceptor S regions occur in deletional orientation by an unknown mechanism involving 

Igh organizational features in cis13 (Fig. 7a). This finding was striking as, other than 

V(D)J recombination-associated double-strand breaks, most breaks ends genome wide join 

to the ends of other separate double-strand breaks without orientation bias13,135-137. The 

orientation specificity of CSR was puzzling as there was no known factor, similar to RAG, 

that could enforce the orientation-specific AID-initiated joining of double-strand breaks. 

These findings pointed to an active synapsis mechanism during CSR30.

Chromatin loop extrusion-mediated CSR.

Indeed, recent studies have shown in three ways that cohesin-mediated loop extrusion is the 

fundamental mechanism of CSR30 (Fig. 7b; Supplementary Video 2).

First, in resting B cells, the iEμ–Sμ region and the 3′IghRR load cohesin and also 

function as dynamic loop extrusion anchors (Fig. 7b, part i). Cohesin-mediated extrusion of 

chromatin between these two dynamic loop anchors leads to the formation of basal, dynamic 

CSR loops and a class-switch recombination-centre [G] (CSR-centre) that is dynamic and 

likely to be deformed and reformed in resting B cells30.

Second, in activated B cells, the 3′IghRR, donor Sμ and acceptor S region are actively 

aligned in the CSR-centre by an activation-induced secondary loop extrusion process that 
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is not dependent on expression of AID30. Although downstream S regions in the basal 

CSR loop are constantly extruded through the CSR-centre, they do not impede further 

extrusion as they are not transcribed and are inert in this regard. However, priming of a 

particular I region promoter through B cell activation and/or cytokine stimulation leads to 

transcriptional activation when it is brought proximal to the 3′IghRR in the CSR-centre (Fig. 

7b, part ii). Induced I-region transcription leads to binding of the cohesin loader NIPBL 

and of cohesin at the activated I region promoter and the extrusion of a new sub-loop 

that aligns the activated downstream S region and Sμ in the CSR-centre30 (Fig. 7b, part 
iii). B cell activation also induces AID expression, which targets actively aligned S region 

double-strand breaks138.

Third, physical synapsis of individual double-strand break ends in each synapsed S region 

for deletional CSR is mediated post-cleavage by a loop extrusion-related mechanism30. 

Thereby, double-strand breaks on Sμ and the target S region can occur at different times and 

locations along the S region, as one or both ends of a given S region double-strand break 

is extruded into an associated cohesin ring, thereby stalling extrusion (Fig. 7b, part iv). 

The ends of a double-strand break in the second synapsed S region would then be extruded 

into the same cohesin ring(s), which aligns donor and acceptor break ends for productive, 

deletional joining30 (Fig. 7b, parts v and vi). Notably, this loop extrusion-mediated 

alignment process can be impaired by the insertion of CTCF sites within the extrusion 

path, leading to incomplete alignment and increased inversional joining. Such inversional 

CSR probably occurs because misaligned S regions are brought into close enough proximity 

for double-strand break ends in the donor and acceptor S regions to access each other by 

short-range diffusional motion30. Structural variations in chicken139 and duck140 CH loci 

may similarly promote inversional joining between oppositely oriented donor and acceptor S 

regions, with cellular selection for productive inversional events during CSR.

The above findings in support of a loop extrusion-mediated model of CSR indicate an 

unappreciated role for Igh enhancers and associated sequences in CSR. Namely, the 

enhancers function as cohesin loading sites and dynamic impediments to loop extrusion 

that are crucial for S region synapsis30. Similarly to V(D)J recombination25, impeding 

extrusion past a CSR-centre promotes the accessibility of impeded acceptor S regions for 

AID-mediated breakage and subsequent joining to Sμ30. Notably, insertion of CTCF sites 

in the CSR scanning path leads to misalignment of adjacent downstream non-S region 

sequences with Sμ, causing them to become surrogate S regions that undergo AID-initiated 

double-strand breaks and joining to Sμ30. Finally, loop extrusion-mediated CSR provided 

a mechanism for the enigmatic "sequential" CSR (from Sμ to Sγ1 and then Sμ/Sγ1 to 

Sε)141,142 and "downstream" CSR (between Sγ1 and Sε)143 events that contribute to IgE 

antibody generation30 (ref 30; supplemental discussion).

3′ Igh CTCF sites prevent ectopic CSR-centre formation.

The 3′ Igh CTCF sites focus chromatin loop extrusion-mediated activities within the 

upstream CH-containing domain and prevent 3′IghRR-mediated transcription and CSR 

downstream of the Igh locus31,144. Thus, deleting all ten 3′ Igh CTCF sites in mice 

significantly decreases the transcription, synapsis and switching of upstream S regions to 
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varying degrees31. Moreover, deletion of the 3′ CTCF sites leads to active transcription of 

non-Igh downstream sequences, which allows for these sequences to be synapsed with Sμ to 

become ectopic S regions31.

Potential related roles of loop extrusion in double-strand break repair.

A recent study revealed that double-strand breaks may stall loop extrusion on one side of 

each break end, allowing extrusion to continue on the other sides15. This mechanism may 

enable the DNA-damage response protein ATM to scan the chromatin that is extruded past 

cohesin-bound double-strand break ends and phosphorylate other damage response proteins 

until arrested by loop anchors to form characteristic foci15. This mechanism is potentially 

related to the proposed mechanism of loop extrusion in tethering double-strand break ends 

for proper joining during CSR30 and provides a mechanism for early chromatin compaction 

models for the tethering of S region breaks for CSR145. This new study, together with 

related findings146,147, implicates an important role for cohesin-mediated loop extrusion in 

the maintenance of genome stability through double-strand break repair148.

Concluding remarks

Although tremendous progress has been made in understanding the roles of chromatin 

loop extrusion in RAG scanning and CSR, further studies are required of these dynamic 

processes, which are likely far more complex than outlined in current models. Similarly, 

the detailed mechanisms by which various factors promote the accessibility and pairing of 

target sequences within V(D)J recombination-centres and CSR-centres is another important 

area for further investigation. A long-standing question has been whether locus contraction 

involves an active mechanism in G1-arrested pro-B cells or whether the process requires 

cell-cycle progression32. The implicated role of cohesin-mediated loop extrusion in locus 

contraction may provide an insight. Specifically, cohesin-mediated chromatin loops are 

disassembled during mitosis and reassembled in G148. As V(D)J recombination is shut 

down upon G1 exit149, the prime opportunity for loop extrusion-mediated locus contraction 

to intersect with V(D)J recombination would seem to be in G1. Extension of current 

population-based studies to single-cell resolution may be required to fully elucidate these 

mechanisms.
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Glossary

CTCF-binding elements
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(CTCF sites). DNA sequence motifs recognized by the structural protein CTCF (CCCTC-

binding factor) that mostly are characterized by a highly conserved 20 base pair core 

consensus motif but a subset of which are also flanked by upstream and/or downstream 

regulatory motifs.

Cohesin ring protein complex
A highly conserved ring-shaped multi-protein complex composed of three core subunits, 

SMC1, SMC3 and RAD21, that associate with SA1 or SA2 in somatic cells. The cohesin 

complex has ATPase activity and has essential functions in chromosome segregation 

and chromatin loop formation, as well as in various fundamental processes including 

transcription and DNA repair.

Convergent orientation
Referring to two DNA sequence motifs of opposite orientation that point towards each other 

in cis.

V(D)J recombination
A programmed somatic recombination process initiated by RAG1–RAG2 endonuclease in 

early developing lymphocytes that assembles V, D and J gene segments into exons that 

encode the variable regions of antibody and T cell receptor chains.

Class-switch recombination
(CSR). A programmed somatic recombination process initiated by activation-induced 

cytidine deaminase in antigen-activated mature B cells that replaces the upstream IgM-

encoding Cμ exon with a different downstream constant region exon to change the class of 

antibody expressed. This allows for the antigen-specific effector functions of an antibody 

with a given variable region specificity to be optimized.

Classical non-homologous end-joining
A major cellular repair pathway for DNA double-strand breaks that joins DNA ends without 

requiring a homologous template. This pathway is commonly referred to as ‘classical’ to 

distinguish it from less robust alternative end-joining pathways that become more obvious in 

the absence of the classical pathway.

V(D)J recombination-centre
In the Igh locus, this is the site where RAG1–RAG2 endonuclease binds active chromatin 

harboring a strong enhancer to generate a hub for the capture of substrate V, D and J 

segments to allow for their cleavage and joining to create V(D)J variable region exons. 

Similar recombination-centres occur in the other antigen receptor loci that undergo V(D)J 

recombination.

HTGTS-V(D)J-Seq
This assay maps RAG-initiated V(D)J recombination events across the genome and is 

adapted from the linear amplification-mediated high-throughput genome-wide translocation 

sequencing method (LAM-HTGTS). HTGTS-V(D)J-Seq has a unique ability to detect 

thousands of low-level independent cryptic joining events within a large population of 

cells, that when viewed together provide ‘tracks’ of RAG activity within a domain. These 
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tracks clearly show the chromatin regions that recombination-centre-bound RAG explores, 

the directionality of the exploration process and the sequences RAG does or does not ‘see’ 

during exploration.

LAM-HTGTS-3C-Seq
A high-resolution chromatin conformation capture (3C)-based genomic interaction 

assay that uses linear amplification-mediated high-throughput genome-wide translocation 

sequencing (LAM-HTGTS) for its downstream steps. This method detects sequences within 

chromatin loop domains that interact with a sequence of interest at high resolution.

Switch region
(S region). A 1–12 kb repetitive DNA sequence that precedes each set of Igh constant 

region exons. S regions undergo DNA double-strand breaks mediated by activation-induced 

cytidine deaminase that are then joined to effect IgH class-switch recombination.

Phase separation
A process that forms condensates of loci with similar chromatin states through homotypic 

attraction of bridging proteins.

Class-switch recombination-centre
(CSR-centre). The CSR-centre is an Igh locus site at which activated B cells juxtapose 

distant cis-regulatory elements with donor and acceptor DNA switch regions, which are then 

cleaved and joined to carry out the process of antibody isotype switching.
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Box 1:

Programmed inversional V(D)J recombination

RSSs and cryptic RSSs located in close linear proximity to V(D)J recombination-centres 

can gain inversional access to RAG by a short-range diffusional mechanism12,26. This 

mechanism also may explain inversional V joining at T cell receptor-β150 and T cell 

receptor-δ151 loci. Both loci mainly undergo deletional V(D)J recombination, but contain 

a single V segment in close proximity to the V(D)J recombination-centre that undergoes 

inversional joining. Similar mechanisms could explain inversional joining in the highly 

compact teleost T cell receptor-α/δ locus151,152. However, long-range inversional V(D)J 

recombination in the Igκ locus must involve distinct mechanisms. The 3.2 Mb Igκ locus, 

which is subject to locus contraction91,94,153-156, undergoes Vκ-to-Jκ rearrangement 

between 92 functional Vκ segments and 4 Jκ segments36,69. Whereas the proximal and 

distal Vκ segments are oriented for deletional joining to Jκ, the middle Vκ segments 

are mostly oriented for inversional joining69. The short Vκ–Jκ intergenic region contains 

Cer157 and Sis158 elements containing CTCF sites. Deletion of either Cer or Sis increases 

the use of proximal Vκ segments and decreases the use of distal Vκ segments157,159, 

which is reminiscent of the effects of IGCR1 deletion in the Igh locus82. However, long-

range inversional joining of distant middle Vκ segments to Jκ segments is not consistent 

with direct linear RAG scanning. In theory, Igκ may be structurally optimized for the 

mechanisms described above for low-level inverted D-to-JH joining26 or incorporate 

proximity mediated by phase separation [G]110. Such mechanisms could, in theory, 

bring Vκ RSSs close enough to the Jκ-V(D)J recombination-centre for a short-range 

diffusion-mediated joining. Although a role for cohesin-mediated loop extrusion in Igκ 
locus contraction seems likely, it has not been tested. Targeted deletions and inversions of 

Igκ domains and the use of high-resolution approaches to address cryptic RSS use across 

Igκ could, as shown for Igh, provide more mechanistic insights.
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Figure 1 ∣. The loop extrusion model.
A simplified version of the loop extrusion model is outlined (adapted with permission 

from REF. 53). The extrusion model suggests that progressive extrusion of chromatin by 

the cohesin complex (red ring) leads to the formation of chromatin loops anchored by 

the structural protein CTCF (CCCTC-binding factor) bound to convergent CTCF sites. 

CTCF sites can be found in the genome in three orientations relative to each other (same, 

divergent and convergent). The inset box shows a schematic of the highly conserved cohesin 

ring-shaped protein complex, which is composed of the core subunits SMC1, SMC3 and 

RAD21 associated with either SA1 or SA2 in somatic cells.
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Figure 2 ∣. The Igh locus initiates V(D)J recombination at the V(D)J recombination-centre.
a ∣ The mouse 2.8 Mb immunoglobulin heavy chain (Igh) locus. Upstream of the Igh 
constant region exon (CH)-containing domain, there is a 3 kb region containing the intronic 

Igh enhancer (iEμ), 4 JH segments (JHs) and the D segment DQ52, which binds RAG 

to form the JH-based V(D)J recombination-centre. Upstream of the V(D)J recombination-

centre is a 52 kb region containing 9–14 D segments, an approximately 100 kb intervening 

region containing intergenic control region 1 (IGCR1), and the 2.4 Mb VH-containing 

telomeric region (locus not drawn to scale). The VH portion of the Igh locus consists of 

approximately 100 VH segments clustered into four general groups that are specified by VH 

family type and position; from proximal to distal location these are VH7183/VHQ52, middle 

VHs without a specific family type, VHJ558 and VHJ558/VH3609. The four VH groups are 

colour-coded, which is maintained in subsequent figures. The position and orientation of 

CTCF-binding sites, as well as of recombination signal sequences (12-RSSs and 23-RSSs) 

are shown. 12-RSSs are located upstream and downstream of D segments, 23-RSSs are 
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located upstream of JHs and downstream of VHs. 3′IghRR, 3′ IgH regulatory region b ∣ 
Sequence organization of bona fide 12-RSSs and 23-RSSs. The first three nucleotides (CAC) 

of the heptamer define the cleavage site for RAG endonuclease (RAG1–RAG2) and are 

crucial for RSS functionality. Cryptic RSSs as simple as CAC can be cleaved by RAG at low 

levels. c ∣ Igh recombination occurs in an ordered manner, with D-to-JH joining preceding 

VH-to-DJH joining. d ∣ RAG is recruited to the V(D)J recombination-centre, where it binds 

a JH 23-RSS paired with a DH 12-RSS and aligns them for 12/23-restricted cleavage, with 

the ends being joined by classical non-homologous end joining (C-NHEJ). e ∣ Illustration 

of Igh domain organization showing that DHs, the V(D)J recombination-centre and CHs are 

contained within a 3′ loop domain bounded by IGCR1 and 3′ Igh CTCF sites. The VHs 

are located within the upstream 5′ region and are excluded from the D-JH domain loop at 

the D-to-JH recombination stage. The structural protein CTCF binds CTCF sites and cohesin 

accumulates at these sites.
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Figure 3 ∣. Discovery of RAG long-range chromatin scanning.
a ∣ Illustration of RAG activity initiated from bona fide D and Jβ recombination signal 

sequences (RSSs) in the Myc–DJ cassette, which, in addition to normal deletional D-to-Jβ 
joining within the cassette, also results in low-level joining of bona fide RSSs to hundreds 

of convergent cryptic RSSs across the 1.8 Mb loop domain of Myc12. Cryptic RSSs in 

the same orientation as the Myc–DJ cassette generally are not used for such cryptic 

V(D)J recombination events. b ∣ Ectopic insertion of pairs of bona fide RSSs randomly 

into 12 other chromatin loop domains across the genome that are known to be based on 

convergent CTCF sites activates RAG scanning across these loop domains12. The orientation 

of the initial RAG-binding RSS prescribes the direction of RAG scanning (upstream or 

downstream), which continues until terminated by a loop anchor determined by convergent 

CTCF sites.
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Figure 4 ∣. Loop extrusion-mediated RAG scanning drives D-to-JH and proximal VH-to-DJH 
recombination.
a ∣ Extrusion-mediated D-to-JH recombination for D segments upstream of DQ52 and 

the V(D)J recombination-centre. D-to-JH recombination occurs within the 3′ Igh loop 

domain that is anchored by IGCR1 and the 3′ Igh CTCF sites. Cohesin is known to load 

near the V(D)J recombination-centre26 to initiate loop extrusion, but likely also at low 

levels at other sites such as within the D region (part i). The V(D)J recombination-centre 

functions as a broad and dynamic sub-loop anchor25 (within the 3′ Igh loop domain) that 

promotes cohesin-mediated loop extrusion of upstream chromatin past a RAG-bound JH 

recombination signal sequence (RSS) in the V(D)J recombination-centre (parts ii,iii). This 

linear process aligns 12-RSSs downstream of D segments with the convergent RAG-bound 
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JH 23-RSS for deletional D-to-JH recombination. 12-RSSs upstream of D segments are 

not used for recombination owing to being in the same orientation as the JH RSS. D 

segments upstream of DQ52 are frequently passed without being used for recombination, 

allowing loop extrusion-mediated RAG scanning to continue in many pro-B cells. Loop 

extrusion is strongly impeded by the IGCR1 anchor of the 3′ Igh loop, which lies just 

upstream of the distal D segment DFL16.1 (part iv). See also Supplementary Video 1. 

Upon cohesin loading near DFL16.1, continuous linear extrusion brings the downstream 12-

RSS of DFL16.1 to the RAG-bound JH 23-RSS in the recombination centre. The dynamic 

anchor of the V(D)J recombination-centre impedes further extrusion and promotes DFL16.1 

recombination (parts v,vi). b ∣ Model of short-range diffusion-mediated inversional joining 

of distal D segments. Whereas loop extrusion-mediated RAG scanning drives dominant 

deletional joining of distal D segments, low-level inversional D joining occurs via short-

range diffusion after loop extrusion brings the D segment into a ‘diffusion radius’ of 

the RAG-bound V(D)J recombination-centre. Such inversional joining is augmented by 

strong upstream 12-RSSs of D segments, as exemplified here by the normally dominant 

downstream RSS of DQ52 being placed upstream as a result of inversion of DQ52 in 

the DFL16.1 position. Reproduced with permission from REF. 26. c ∣ Schematic of the 

DJH-V(D)J recombination-centre including its 12-RSS (white), and proximal VH segments 

including their 23-RSSs and associated CTCF sites (part i). Upon deletion of IGCR1 or 

mutation of its CTCF sites, robust RAG scanning activity is extended into the proximal VH 

region (part ii). VH5-2 is dominantly rearranged owing to it being the first VH segment that 

is associated with a CTCF site (which impedes further loop extrusion) to be encountered 

during RAG scanning; the most D-proximal VH segment VH5-1 lacks a functional CTCF 

site and is mostly bypassed without rearrangement (part iii). Mutation (to inactivate CTCF 

binding) or deletion of the VH5-2 CTCF site abolishes VH-5-2 usage, rendering the next 

VH segment that is flanked by a CTCF site (VH2-2) as the most frequently used. Restoring 

the functionality of the inactive CTCF site of VH5-1 makes it the most frequently used VH 

segment. In each case, the first several proximal VH segments flanked by CTCF sites are 

used for VH-to-DJH joining but at progressively reduced levels, with RAG scanning further 

upstream ultimately being terminated in this proximal VH region. Parts a and c are adapted 

with permission from REF. 53.
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Figure 5 ∣. Long-range RAG scanning mediates VH use across the Igh locus.
a ∣ VH recombination signal sequences (RSSs) are all convergently oriented with respect to 

the DJH-V(D)J recombination-centre RSS, which prescribes that VH-to-DJH recombination 

is exclusively deletional in wild-type pro-B cells. A 2.4 Mb inversion of the VH locus 

spanning all VH segments except for proximal VH5-2 abolished the use of all inverted 

VH segments in bone-marrow pro-B cells and WAPL-downregulated v-Abl cell lines. b 
∣ RAG scanning through the VH locus uses hundreds of cryptic RSSs (which can be as 

simple as the sequence CAC) in convergent orientation with the RSS of the DJH-V(D)J 

recombination-centre, with scanning terminated within the VH locus. RAG scanning across 

the wild-type VH locus would be expected often to be terminated within the VH locus 

by dominant deletional rearrangements mediated by convergent VH RSSs and DJH-V(D)J 

recombination-centre RSSs29. Upon inversion of the 2.4 Mb VH locus in primary pro-B 
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cells, use of cryptic RSSs normally in the convergent orientation is abrogated, whereas use 

of cryptic RSSs normally in the opposite orientation is activated. Inversion of the locus 

would eliminate the dominant deletional rearrangements in the wild-type locus, which could 

allow for some RAG scanning to proceed through the VH locus. Remarkably, RAG scanning 

from the DJH-V(D)J recombination-centre continued upstream of the VH locus all the 

way to the telomere, targeting normally oriented cryptic RSSs within multiple, consecutive 

convergent loop domains beyond the Igh domain. This finding indicated that loop anchor 

impediments to scanning are likely broadly dampened in pro-B cells29. Adapted with 

permission from REF. 29. c ∣ Model for RAG scanning activity initiated by the DJH-V(D)J 

recombination-centre RSS with a wild-type VH locus or inverted VH locus, which illustrates 

the findings described in panels a and b.
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Figure 6 ∣. Potential substrate accessibility and distal RAG scanning mechanisms in the VH 
locus.
a ∣ Mechanisms that promote the targeting of cryptic recombination signal sequences (RSSs) 

during RAG scanning. Cohesin loaded to chromatin (multiple potential loading sites are 

shown) extrudes chromatin to promote interaction of the Igh V(D)J recombination-centre 

with downstream chromatin regions (part i, ii). The RAG-bound V(D)J recombination-

centre initiates RAG scanning that can be impeded by various impediments on the scanning 

path, including targeted blockade by binding of catalytically ‘dead’ Cas9 (part iii), active 

transcription (part iv) and CTCF site-based loop anchors (part v). b ∣ Model of loop 

extrusion-mediated locus contraction in the absence of RAG binding. Multiple potential 

cohesin loading sites are indicated. Loop extrusion theoretically could initiate from any 
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of these sites. Loop extrusion from a non-RAG bound, nascent DJH V(D)J recombination-

centre promotes long-range interactions with the V(D)J recombination-centre to mediate 

Igh locus contraction. Extrusion is proposed to proceed over varied upstream chromatin 

distances in different pro-B cells prior to RAG binding. Loop extrusion might also initiate 

from cohesin loaded within the VH locus. c ∣ Model for use of distal VH segments 

promoted by RAG binding to nascent V(D)J recombination-centres. RAG binding to the 

V(D)J recombination-centre subsequent to loop extrusion forms an active DJH-V(D)J 

recombination-centre, which initiates extrusion-mediated scanning at multiple different 

extrusion points initiated by multiple cohesin loading points across the VH locus. Such 

scanning from a variety of extrusion intermediates avoids biasing VH recombination to the 

very proximal segments and thus helps to balance the primary VH repertoire. Part a is 

adapted with permission from REF. 26. Parts b and c are adapted with permission from REF. 

29.

Zhang et al. Page 36

Nat Rev Immunol. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7 ∣. Loop extrusion mediates physiological, deletional class-switch recombination.
a ∣ Schematic of the 200 kb CH region of the immunoglobulin heavy chain (Igh) locus, 

including the V(D)J exon, the intronic Igh enhancer iEμ, the various CH exons with 

inducible (I) exon and promoter upstream of each CH segment, S regions, the 3′ Igh 
regulatory region (3′IghRR) super-enhancer and the 3′ Igh CTCF sites. AID-initiated breaks 

within Sμ and an activated target Sγ1 are illustrated, which can lead to deletional or 

inversional class-switch recombination (CSR) outcomes for Sμ to Sγ1 joining. Deletional 

CSR is the major physiological event, whereas inversional CSR occurs at a lower frequency. 

Part a is adapted with permission from REF. 13. b ∣ Loop extrusion mediates formation 

of a class-switch recombination-centre (CSR-centre) and promotes the synapsis of S region 

double-strand break ends for deletional joining. In resting B cells (part i), cohesin is 
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loaded at 3′ IghRR or iEμ–Sμ and then extrudes the 3′IghRR and iEμ–Sμ into proximity 

to generate a dynamic CSR-centre. In activated B cells (part ii), a primed S–CH unit (Sγ1–

Cγ1 is shown as an example) is extruded to the CSR-centre for transcriptional activation and 

cohesin loading, which leads to further extrusion to align acceptor and donor S regions (part 
iii). Tension pulls S region double-strand break ends initiated by AID into opposing cohesin 

rings (parts iv and v), stalling extrusion and aligning them for deletional joining mediated 

by non-homologous end joining (NHEJ) (part vi). Part b is adapted with permission from 

REF. 30. See also Supplementary Video 2.
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