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Abstract  29 

Nuclear processes like V(D)J recombination are determined by the three-dimensional 30 

organization of chromosomes in multiple layers, including the compartments1 and topologically 31 

associated domains (TADs)2,3 consisting of chromatin loops4. TADs are formed by chromatin 32 

loop extrusion5-7, which depends on the ring-shaped cohesin complex8-10 with its loop extrusion 33 

function11,12. The cohesin-release factor Wapl13,14 instead restricts loop extension10,15. The 34 

generation of a diverse antibody repertoire, providing humoral immunity to pathogens, requires 35 

the participation of all V genes in V(D)J recombination16, which depends on contraction of the 36 

2.8-Mb-long immunoglobulin heavy-chain (Igh) locus by Pax517,18. How Pax5 controls Igh 37 

contraction in pro-B-cells is, however, unknown. Here, we demonstrate that locus contraction is 38 

caused by loop extrusion across the entire Igh locus. Notably, the expression of Wapl is 39 

repressed by Pax5 specifically in pro-B and pre-B-cells, which facilitates extended loop 40 

extrusion by increasing the residence time of cohesin on chromatin. Pax5 mediates the 41 

transcriptional repression of Wapl through a single Pax5-binding site by recruiting the Polycomb 42 

repressive complex 2 to induce bivalent chromatin at the Wapl promoter. Reduced Wapl 43 

expression causes global alterations in the chromosome architecture, indicating that the potential 44 

to recombine all V genes entails structural changes of the entire genome in pro-B-cells. 45 

 46 

Introduction 47 

The mouse Igh locus is composed of a 0.26-Mb-long 3’ proximal region consisting of 13 DH, 4 48 

JH and 8 CH gene segments and of a distal 2.44-Mb-long VH gene cluster containing 113 49 

functional VH genes19,20. DH-JH rearrangements occur in lymphoid progenitors followed by VH 50 

gene recombination in pro-B-cells16, which depends on Igh locus contraction to facilitate the 51 

participation of all VH genes in VH-DJH recombination17,18,21. DH-JH recombination22 and 52 

rearrangements of the most 3’ proximal VH genes23 depend on loop extrusion, explaining the 53 
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linear scanning activity of the RAG endonuclease, which ensures the orientation-biased cleavage 54 

of RSS elements in V(D)J recombination24.  55 

 Cohesin is enriched in the genome at the DNA-bound zinc finger protein CTCF25,26, which 56 

anchors chromatin loops by binding in an orientation-dependent manner to convergent CTCF-57 

binding elements (CBEs)4. All 125 CBEs in the VH gene cluster have the same directionality and 58 

are present in convergent orientation to one CBE in the IGCR1 region and 10 CBEs at the Igh 3’ 59 

end (known as 3’CBEs)20 (Extended Data Fig. 1a), suggesting that loops across the entire Igh 60 

locus may be formed by loop extrusion. 61 

 62 

Results 63 

Inverted Igh VH genes do not recombine 64 

To test the loop extrusion hypothesis, we inverted an 890-kb distal Igh region, containing 32 65 

functional VH genes and 49 CBEs that should be inefficient loop anchors, as they have the same 66 

reverse orientation as the 3’CBEs in the Igh
890-inv

 allele (Extended Data Fig. 1b). While B-cell 67 

development was similar in Igh
890-inv/890-inv

 and Igh
+/+

 mice, the Igh
890-inv

 allele in a 68 

competitive situation gave rise to half as many immature B-cells (CD19
+
B220

+
IgM

+
IgD

–
) as 69 

the wild-type allele in Igh
890-inv/+

 mice (Extended Data Fig. 1c,d). Remarkably, the inverted VH 70 

genes of the Igh
890-inv

 allele were not expressed in immature B-cells (Extended Data Fig. 1e). 71 

Analysis of V(D)J recombination by VDJ-seq27 revealed proportionally fewer VDJH-rearranged 72 

Igh alleles in bone marrow pro-B-cells (CD19
+
B220

+
IgM

–
IgD

–
Kit

+
CD25

–
) of Igh

890-inv/890-
73 

inv
 mice compared to Igh

+/+
 littermates (Extended Data Fig. 1f). The inverted VH genes failed to 74 

undergo VH-DJH recombination in Igh
890-inv/890-inv

 pro-B-cells (Fig. 1a). 75 
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 The lack of VH-DJH recombination could be caused by the inverted CBEs preventing loop 76 

formation with the 3’CBEs, by inversion of the VH genes or a combination of both. CTCF 77 

binding in the inverted region was normal in Igh
890-inv/890-inv

 pro-B-cells (Extended Data Fig. 78 

2a). As RAG2 deficiency prevents V(D)J recombination16, we used Igh
890-inv/890-inv

 Rag2
–/–

 79 

and Igh
+/+

 Rag2
–/–

 pro-B-cells for chromosome conformation capture sequencing (3C-seq) to 80 

map interactions from viewpoints at the Igh 5’ or 3’ end (Fig. 1b and Extended Data Fig. 2b,c). 81 

Interactions from the 3’ viewpoint (HS5) to the inverted region (B) were 4.4-fold reduced in 82 

Igh
890-inv/890-inv

 Rag2
–/–

 pro-B-cells compared to Igh
+/+

 Rag2
–/–

 pro-B-cells (Fig. 1b,c and 83 

Extended Data Fig. 2c). Interactions from the 3’ viewpoint to the 7 VH genes at the Igh 5’ end 84 

(A) were also decreased 3.2-fold in Igh
890-inv/890-inv

 Rag2
–/–

 pro-B-cells relative to Igh
+/+

 85 

Rag2
–/–

 pro-B-cells (Fig. 1b,c), although these VH genes with their 9 associated CBEs were 86 

present in normal forward orientation (Extended Data Fig. 1b). Recombination of 5 of these VH 87 

genes (VH1-80 to VH1-84) in pro-B-cells and their subsequent expression in immature B-cells 88 

were strongly reduced (Fig. 1a and Extended Data Fig. 1e,g). 89 

 3C-seq analysis revealed a 1.5-fold increase of the interactions from the 5’ viewpoint (VH1-90 

86) to the inverted region (B), but a 1.9-fold and 3-fold decrease of interactions to the middle (C) 91 

and 3’ proximal (D) regions in Igh
890-inv/890-inv

 Rag2
–/–

 pro-B-cells compared to Igh
+/+

 Rag2
–

92 

/–
 pro-B-cells (Fig. 1b,c and Extended Data Fig. 2c). The inverted CBEs in region B thus 93 

interacted preferentially with the forward CBEs in region A on the Igh
890-inv

 allele, which 94 

created a new loop domain in the distal VH gene region (Extended Data Fig. 2d). Hence, the 95 

convergent orientation of the CBEs in the distal VH gene cluster and the 3’CBEs promotes long-96 

range interactions by loop extrusion across the entire Igh locus in wild-type pro-B-cells. 97 
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 To study the effect of VH gene inversion, we deleted the distal 890-kb region to generate the 98 

Igh
∆890

 allele, followed by re-insertion of the VH8-8 gene with its 500-bp flanking sequences 99 

(lacking CBEs) in normal forward (Igh
V8-8

) or inverted (Igh
V8-8-inv

) orientation (Extended Data 100 

Fig. 2e and Supplementary Table 1b). mRNA expression of the inverted VH8-8 gene was 9.4-101 

fold reduced in immature Igh
V8-8-inv/∆890

 B-cells compared to Igh
V8-8/∆890

 B-cells (Extended 102 

Data Fig. 2f,g). VDJ-seq of Igh
V8-8-inv/V8-8-inv

 and Igh
V8-8/V8-8

 pro-B-cells demonstrated a 103 

10.5-fold lower recombination frequency of the inverted VH8-8 gene relative to the forward 104 

oriented VH8-8 gene (Fig. 1d). This recombination frequency was still 3.6-fold higher in Igh
V8-

105 

8-inv/V8-8-inv
 pro-B-cells compared to Igh

890-inv/890-inv
 pro-B-cells (Fig. 1d), indicating that the 106 

recombination was further impaired upon inversion of the CBEs flanking the VH8-8 gene in the 107 

Igh
890-inv

 allele. In summary, efficient VH-DJH recombination depends on the forward 108 

orientation of both the VH genes and associated CTCF-binding sites. 109 

 110 

Inverted CBEs impair VH recombination 111 

Loop extrusion across the Igh locus predicts that the insertion of multiple inverted CBEs 112 

(mimicking the 3’CBEs) in the VH gene cluster may induce a new loop pattern interfering with 113 

distal VH-DJH recombination. To test this, we generated the Igh
CBE-inv

 and control Igh
CBE

 114 

alleles by inserting an array of 20 CBEs in inverted or forward orientation in the middle of the 115 

Igh locus, respectively (Fig. 1e, Extended Data Fig. 3a and Supplementary Table 1c). The 116 

inserted arrays were efficiently bound by CTCF (Fig. 1e and Extended Data Fig. 3b). Expression 117 

of the VH genes located upstream of the inverted CBE array in the Igh
CBE-inv

 allele was strongly 118 

reduced in immature B-cells of Igh
CBE-inv/+

 mice compared to the respective VH genes of the 119 
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Igh
CBE

 allele in Igh
CBE/+

 mice (Extended Data Fig. 3c,d). VDJ-seq demonstrated that the VH 120 

genes, located 5’ of the inverted CBE array up to the VH1-61 gene at a distance of 355 kb, 121 

recombined at a significantly lower efficiency in Igh
CBE-inv/CBE-inv

 pro-B-cells compared to 122 

Igh
CBE/CBE

 pro-B-cells (Fig. 1f) or wild-type Igh
+/+

 pro-B-cells (Extended Data Fig. 3e,f). 3C-123 

seq revealed that the long-range interactions from the 3’ viewpoint (HS5) to the VH gene region 124 

A, located upstream of the inverted CBE array, were 1.7- or 1.9-fold decreased in Igh
CBE-

125 

inv/CBE-inv
 pro-B-cells compared to Igh

CBE/CBE
 or Igh

+/+
 pro-B-cells, while the interactions to 126 

the downstream region B were 1.2- or 1.4-fold increased, respectively (Extended Data Fig. 127 

4a,b,e). Conversely, the interactions from the 5’ viewpoint (CBE), located immediately 5’ of the 128 

CBE array insertion (Extended Data Fig. 2b and Supplementary Table 1c), to the upstream 129 

region A were 1.5- or 1.9-fold increased, and the interactions to the downstream region B were 130 

1.4- or 1.6-fold decreased in Igh
CBE-inv/CBE-inv

 pro-B-cells compared to the Igh
CBE/CBE

 and 131 

Igh
+/+

 pro-B-cells, respectively (Extended Data Fig. 4c,d,f). Hence, the insertion of a second 132 

3’CBE-like element created a new loop domain in the distal VH gene region of the Igh
CBE-inv

 133 

allele, which interfered with efficient loop formation from the Igh 3’ end (Extended Data Fig. 134 

4g). In summary, the analyses of the distal 890-kb inversion and inverted CBE array insertion 135 

together demonstrate that loop extrusion occurs across the Igh locus, generating extraordinarily 136 

long loops of up to a 2.8-Mb size. 137 

 138 

Pax5 represses Wapl in precursor B-cells 139 

As loop extrusion depends on cohesin8-10, we investigated whether cohesin components are 140 

differentially expressed in pro-B-cells. mRNA expression of the cohesin-release factor 141 

Wapl10,14,15 was down-regulated 4-fold only in pro-B and pre-B-cells within the lymphoid system 142 
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in contrast to other cohesin genes such as Smc3 (Fig. 2a and Extended Data Fig. 5a). Wapl 143 

protein expression was similarly down-regulated in pro-B-cells compared to mature B-cells 144 

(CD19
+
B220

+
IgD

+
; Extended Data Fig. 5b), indicating that the reduced Wapl expression may 145 

increase the residence time of cohesin on chromatin in pro-B-cells. To test this, we generated a 146 

Smc3-Gfp transgenic mouse expressing the Smc3-GFP protein in all cell types (Extended Data 147 

Fig. 5c). Smc3-GFP interacted with Smc1, Scc1 and Wapl (Extended Data Fig. 5d), suggesting 148 

that the fusion protein was functional. Bone marrow pro-B-cells and splenic mature B-cells of 149 

Smc3-Gfp transgenic mice were analysed by inverse fluorescence recovery after photobleaching 150 

(iFRAP; Extended Data Fig. 5e). The fluorescence signal recovered more slowly in Wapl
low

 151 

pro-B-cells compared to Wapl
high

 mature B-cells (Fig. 2b), demonstrating that the residence 152 

time of cohesin on chromatin was increased in pro-B-cells consistent with extended loop 153 

extrusion creating long-range interactions across the Igh locus. 154 

 As Pax5 controls Igh locus contraction17,18, we investigated whether Pax5 represses Wapl 155 

expression in pro-B-cells. Wapl mRNA was 4.1- or 5.9-fold more highly expressed in ex vivo 156 

sorted Pax5
–/–

 or short-term cultured Pax5
∆/∆

 (Vav-Cre Pax5
fl/fl

) progenitors (CD19
–

157 

B220
+
Kit

+
Ly6D

+
) compared to wild-type pro-B-cells (Fig. 2c). Wapl protein expression was 158 

similarly increased in Pax5
–/–

 progenitors relative to Rag2
–/–

 pro-B-cells (Fig. 2d). In pro-B-159 

cells, Pax5 bound to two sites (P1 and P2) at the Wapl locus (Fig. 2e), with the P1 site being 160 

located in the H3K4me3
+
 promoter at a distance of 310 bp from the transcription start site. Pax5 161 

binding was, however, lost at the P1 site in mature B-cells (Fig. 2e). The Wapl promoter was 162 

present in open chromatin from multipotent progenitors (MPPs) to terminally differentiated 163 

plasmablasts, whereas open chromatin was detected at the P2 region only upon Pax5 expression 164 

(Extended Data Fig. 5f). Hence, the P1 and P2 sites may be involved in Wapl repression. 165 
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 The Pax5 motif was unequivocally identified at the P1 site, but was less well defined at the 166 

P2 site (Extended Data Fig. 6a). We inactivated the P1 site by eliminating 10 bp of its Pax5 167 

motif and deleted the P2 site by removing a 339-bp region by CRISPR/Cas9-mediated 168 

mutagenesis to generate the Wapl
∆P1,2

 allele, which inadvertently resulted in a 5-bp deletion 169 

downstream of P1 (Extended Data Fig. 6a). Deletion of the P1 site prevented Pax5 binding to the 170 

Wapl promoter (Extended Data Fig. 6b). Wapl transcripts were increased 2.9- and 4.2-fold in ex 171 

vivo sorted Wapl
∆P1,2/∆P1,2

 pro-B-cells and pre-B-cells (CD19
+
B220

+
IgM

–
IgD

–
Kit

–
CD25

+
) 172 

compared to Wapl
+/+

 cells, respectively (Fig. 2f), while Wapl expression levels in heterozygous 173 

Wapl
∆P1,2/+

 pro-B and pre-B-cells were between those of the homozygous and wild-type cells 174 

(Extended Data Fig. 6e). Increased Wapl mRNA and protein expression was confirmed in short-175 

term cultured Wapl
∆P1,2/∆P1,2

 pro-B-cells (Extended Data Fig. 6c,d). Wapl mRNA was, 176 

however, similarly expressed throughout T-cell development in Wapl
∆P1,2/∆P1,2

 and Wapl
+/+

 177 

mice (Extended Data Fig. 6e), Hence, deletion of both P1 and P2 increased Wapl expression only 178 

in pro-B and pre-B-cells, identifying Wapl as a repressed Pax5 target gene in early B-cell 179 

development. 180 

 181 

Wapl Pax5 site induces Igh loop extrusion 182 

B-cell development was strongly arrested at the pro-B-cell stage in the bone marrow of 183 

Wapl
∆P1,2/∆P1,2

 and Wapl
∆P1,2/+

 mice (Fig. 3a,b). We next generated the Wapl
∆P1

 and Wapl
∆P2

 184 

alleles (Extended Data Fig. 6a). Wapl expression was increased in pro-B and pre-B-cells of 185 

Wapl
∆P1/+

 and Wapl
∆P1/∆P1

 mice, whereas it was similarly expressed in Wapl
∆P2/∆P2

 and 186 

Wapl
+/+

 pro-B-cells (Extended Data Fig. 7a,b). The pro-B-cell block was strong in Wapl
∆P1/∆P1

 187 
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mice and slightly attenuated in Wapl
∆P1/+

 mice (Fig. 3c,d), while B-cell development was 188 

normal in Wapl
∆P2/∆P2

 mice (Extended Data Fig. 7c,d). Hence, the developmental block is 189 

caused by loss of a single Pax5-binding site in the Wapl promoter. Notably, pro-B-cells were lost 190 

upon conditional inactivation of Wapl in lymphoid progenitors of Rag1
Cre/+

 Wapl
fl/fl

 mice or in 191 

pro-B-cells of Cd79a
Cre/+

 Wapl
fl/fl

 mice (Extended Data Fig. 7e-g), indicating that pro-B-cells 192 

do not tolerate the complete loss of Wapl, while the physiological 4-fold down-regulation of 193 

Wapl expression in wild-type pro-B-cells promotes B-cell development.
 

194 

 VDJ-seq revealed that the proportion of VDJH-rearranged sequences was strongly reduced in 195 

pro-B-cells with the P1 site deletion (Wapl
∆P1,2/∆P1,2

, Wapl
∆P1,2/+

 and Wapl
∆P1/∆P1

; Extended 196 

Data Fig. 8a). The middle and distal VH genes failed to undergo VH-DJH recombination in pro-B-197 

cells with the P1 site deletion (Wapl
∆P1,2/∆P1,2

, Wapl
∆P1,2/+

 and Wapl
∆P1/∆P1

) in contrast to 198 

their normal recombination in Wapl
∆P2/∆P2

 and Wapl
+/+

 pro-B-cells (Fig. 3e and Extended Data 199 

Fig. 8b). The recombination frequency of the proximal VH genes declined with increasing 200 

distance from the 3’ end of the VH gene cluster, as the two most proximal functional VH genes 201 

(VH5-2 (VH81X) and VH2-2) rearranged at a higher frequency, the next three VH genes (VH5-4, 202 

VH2-3 and VH5-6) at a similar frequency and the following VH genes started to lose their 203 

potential to undergo VH-DJH recombination in Wapl
∆P1,2/∆P1,2

, Wapl
∆P1,2/+

 and Wapl
∆P1/∆P1

 204 

pro-B-cells (Fig. 3e). An equally strong recombination phenotype was observed in Pax5
∆/∆

 205 

progenitors (Fig. 3e), which are unable to contract the Igh locus17,18. Notably, v-Abl transformed 206 

pro-B-cells also do not undergo Igh locus contraction23, as they express Wapl mRNA at the same 207 

high level as Wapl
∆P1,2/∆P1,2

 pro-B-cells (Extended Data Fig. 8c). 208 
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 3C-seq analysis of Wapl
∆P1,2/∆P1,2

 Rag2
–/–

 pro-B-cells demonstrated that interactions from 209 

the 3’ viewpoint (HS5) were only observed over a 0.44-Mb-long region up to the most 3’ 210 

proximal sequences of the VH gene cluster (Fig. 3f), including the 5 VH genes that could still 211 

undergo efficient VH-DJH recombination in Wapl
∆P1,2/∆P1,2

 pro-B-cells. Likewise, interactions 212 

from the 5’ viewpoints (VH1-83/81) could be detected only in the distal VH gene region in 213 

Wapl
∆P1,2/∆P1,2

 Rag2
–/–

 pro-B-cells (Extended Data Fig. 8d), whereas interactions from both 214 

viewpoints extended across the 2.8-Mb-long Igh locus in Rag2
–/–

 pro-B-cells (Figs. 1b and 3f). 215 

The low Wapl expression in wild-type pro-B-cells thus results in a 6-fold extension of the 216 

proximal interaction domain from 0.44 Mb to 2.8 Mb. 217 

 218 

Pax5 recruits PRC2 to the Wapl promoter 219 

Analysis of the chromatin landscape at the Wapl locus revealed that the active histone mark 220 

H3K4me3 was abundantly present at the Wapl promoter in Pax5-deficient progenitors and Pax5-221 

expressing control pro-B-cells (Fig. 4a). In contrast, the repressive histone mark H3K27me3, 222 

which is produced by the Polycomb repressive complex 2 (PRC2) consisting of the core 223 

components Eed, Ezh2 and Suz12 (ref. 28), was detected at the Wapl promoter only in Pax5-224 

expressing pro-B-cells, consistent with selective binding of Ezh2 and Suz12 in these cells (Fig. 225 

4a). We generated a floxed Eed
fl

 allele (Extended Data Fig. 9a) for elimination of this essential 226 

PRC2 component in pro-B-cells of Rag1
Cre/+

 Eed
fl/fl

 mice. In Eed-deficient pro-B-cells, 227 

H3K27me3 was absent at the Wapl promoter in contrast to its residual presence at other locations 228 

in the locus (Fig. 4b). Moreover, H3K27me3 was specifically lost at the Wapl promoter in 229 

Wapl
∆P1/∆P1

 pro-B-cells (Fig. 4b and Extended Data Fig. 9b), and Ezh2 (PRC2) binding was 230 

absent upon loss of Pax5 binding at the P1 site in mature B-cells (Extended Data Fig. 9c). Hence, 231 
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Pax5 may recruit PRC2 to the P1 site in early B-lymphopoiesis. To investigate this, we 232 

performed streptavidin-pulldown experiments with nuclear extracts prepared from HEK-293T 233 

cells that were transiently transfected with expression vectors encoding Pax5-Bio-IRES-BirA 234 

and Myc-tagged Ezh2 or IRF4 proteins. Streptavidin-pulldown of Pax5-Bio specifically co-235 

precipitated Myc-Ezh2 but not Myc-IRF4 (Extended Data Fig. 9d). We conclude that Pax5-236 

mediated recruitment of PRC2 represses the Wapl promoter by inducing bivalent chromatin 237 

(H3K4me3
+ 

H3K27me3
+
) in pro-B-cells. 238 

 B-cell development in Rag1
Cre/+

 Eed
fl/fl

 mice was stringently blocked at pro-B-cells, which 239 

exhibited impaired activation of 93 genes and de-repression of 430 genes including Cdkn2a and 240 

Cdkn2b encoding cell cycle inhibitors (Extended Data Fig. 9e-g and Supplementary Table 2). 241 

However, genes encoding cohesin subunits and key regulators of early B-cell development were 242 

similarly expressed in Eed-deficient and control pro-B-cells (Extended Data Fig. 9h). In contrast, 243 

Wapl expression was derepressed 3-fold in Rag1
Cre/+

 Eed
fl/fl

 pro-B-cells and 4.2-fold in 244 

Rag1
Cre/+

 Eed
fl/fl

 Cdkn2ab
–/–

 pro-B-cells (Fig. 4c). Consequently, VH-DJH recombination in 245 

Eed-deficient pro-B-cells was strongly reduced and was only observed for the most 3’ proximal 246 

VH genes (Fig. 4d and Extended Data Fig. 9i,j), similar to Pax5
∆/∆ progenitors and pro-B-cells 247 

lacking the Wapl P1 site (Fig. 3e). In summary, Pax5 recruits PRC2 to the Wapl promoter to 248 

induce bivalent chromatin, which leads to down-regulation of Wapl expression, extension of 249 

loop extrusion across the Igh locus and thus participation of all VH genes in VH-DJH 250 

recombination. 251 

 252 

Pax5 sculpts the chromosomal architecture 253 

To investigate whether Wapl repression by Pax5 induces global chromosomal changes in pro-B-254 

cells, we performed iFRAP experiments with mutant and wild-type pro-B and mature B-cells 255 
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expressing the Smc3-Gfp transgene. Recovery of the fluorescence signal after photobleaching 256 

was slow only in Wapl
+/+

 pro-B-cells compared to the faster recovery observed with Pax5
–/–

 257 

progenitors and Wapl
∆P1,2/+

 pro-B-cells (Fig. 5a) as well as Wapl
∆P1,2/+

 and Wapl
+/+

 mature B-258 

cells (Extended Data Fig. 10a). Hence, Pax5 controls the residence time of cohesin on chromatin 259 

only in early B-cell development, consistent with the loss of Pax5 and Ezh2 binding at the Wapl 260 

promoter in mature B-cells (Fig. 2e and Extended Data Fig. 9c). 261 

 We next studied the genome-wide chromosomal architecture of pro-B and mature B-cells by 262 

in situ Hi-C4. Analysis of all identified sequence contacts revealed that the frequencies of 263 

contacts up to a distance of 5 Mb, which largely generate chromatin loops within TADs4, were 264 

significantly lower in Pax5
∆/∆

 progenitors, Wapl
∆P1,2/∆P1,2

 pro-B-cells and Wapl
+/+

 mature B-265 

cells compared to Wapl
+/+

 pro-B-cells (Fig. 5b and Extended Data Fig. 10b). In contrast, the 266 

frequencies of contacts over very large distances (> 10 Mb), which mainly give rise to 267 

chromosomal compartments1, were strongly increased in Pax5
∆/∆

 progenitors, Wapl
∆P1,2/∆P1,2

 268 

pro-B-cells and Wapl
+/+

 mature B-cells relative to Wapl
+/+

 pro-B-cells (Fig. 5b and Extended 269 

Data Fig. 10b). Consequently, the Hi-C contact map of chromosome 12 revealed a better-defined 270 

‘checkerboard’ pattern of higher intensity for Pax5
∆/∆

 progenitors, Wapl
∆P1,2/∆P1,2

 pro-B-cells 271 

and Wapl
+/+

 mature B-cells compared to Wapl
+/+

 pro-B-cells (Fig. 5c). Hi-C contact maps of 272 

zoomed-in regions on chromosomes 12 and 16 demonstrated a significant extension of loops in 273 

Wapl
+/+

 pro-B-cells compared to Pax5
∆/∆

 progenitors and Wapl
∆P1,2/∆P1,2

 pro-B-cells 274 

(Extended Data Fig. 10c). The number of loops was increased by a factor of 1.9 and 1.6 and the 275 

average loop length by a factor of 1.5 and 2.2 in Wapl
+/+

 pro-B-cells compared to Pax5
∆/∆

 276 

progenitors and Wapl
∆P1,2/∆P1,2

 pro-B-cells, respectively (Fig. 5d,e and Extended Data Fig. 277 
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10d). The Hi-C contact map of the Igh locus confirmed the 3C-seq results, as loops across the 278 

entire Igh locus were seen in Wapl
+/+

 pro-B-cells in contrast to Wapl
∆P1,2/∆P1,2

 pro-B-cells 279 

(Fig. 5f). Only a relatively small number of genes was upregulated (161) or downregulated (159) 280 

in Wapl
∆P1,2/∆P1,2

 pro-B-cells relative to Wapl
+/+

 pro-B-cells (Extended Data Fig. 10e,f and 281 

Supplementary Table 3). Genes coding for key regulators of early B-cell development or cohesin 282 

subunits other than Wapl were not deregulated (Extended Data Fig. 10g). In summary, the 4-fold 283 

repression of Wapl, mediated by a single Pax5-binding site (P1), leads to massive alterations of 284 

the chromosomal architecture in pro-B-cells. 285 

 286 

Discussion 287 

The long-range interaction and VH-DJH recombination defects, observed upon inversion of a 288 

distal 890-kb region or insertion of an inverted CBE array in the Igh locus, provide strong 289 

evidence that it is the loop extrusion mechanism rather than any other folding principle that 290 

creates the long-range interactions across the Igh locus. The finding that a distal VH gene upon 291 

its inversion can no longer participate in VH-DJH recombination demonstrates an essential role 292 

for loop extrusion in correctly positioning the convergent RSS elements of the VH and DJH-293 

rearranged gene segments for RAG-mediated cleavage and recombination16. In a ‘stable’ loop 294 

anchored at the 3’CBEs, the RSS elements of two adjacent gene segments could be correctly 295 

aligned by local diffusion (Extended Data Fig. 10h). However, as loop extrusion may initiate at 296 

any position within the Igh locus, it is also conceivable that cohesin rings moving by 297 

symmetrical loop extrusion11,12 through the RAG-bound recombination centre29 may correctly 298 

position the RSS sequences of a VH gene and the DJH-rearranged gene segment for subsequent 299 

RAG-mediated cleavage (Extended Data Fig. 10i). This model of correct RSS alignment through 300 
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ongoing loop extrusion could also explain why an inverted VH gene cannot rearrange due to 301 

misalignment of the respective RSS elements (Extended Data Fig. 10j).  302 

 The 4-fold repression of Wapl by Pax5 causes global changes of the chromosomal 303 

architecture in pro-B-cells, as the number and length of chromatin loops are significantly 304 

increased, while the compartments are weakened similar to observations made with Wapl-305 

depleted human cell lines10,15. This global phenotype is exquisitely sensitive to small changes of 306 

Wapl expression, as a 2-fold increase of Wapl expression in Wapl
∆P1,2/+

 pro-B-cells is sufficient 307 

to decrease the residence time of cohesin on chromatin, to abolish long-range looping across the 308 

Igh locus and, by inference, to induce global alterations in the chromosome architecture. In 309 

summary, the entire genome of pro-B-cells undergoes massive three-dimensional changes to 310 

facilitate the generation of a diverse antibody repertoire through participation of all VH genes in 311 

VH-DJH recombination, which depends on prolonged loop extrusion across the Igh locus. 312 

 313 

Online content 314 

Any methods, additional references, Nature Research reporting summaries, source data, 315 

extended data, supplementary information, acknowledgements; details of author contributions 316 

and competing interests; and statement of data availability are available at https: xyz. 317 
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 381 

 382 

Figure legends 383 

Fig. 1 | Inversion of an 890-kb Igh region and insertion of inverted CBEs interfere with VH 384 

gene recombination. a, VDJ-seq analysis27 of Igh
890-inv/890-inv

 bone marrow pro-B-cells. VH 385 

gene usage is shown as mean percentage (with SEM) of all VDJH recombination events in Igh
+/+

 386 

or Igh
890-inv/890-inv

 pro-B-cells. The VH genes (Supplementary Table 1a) are aligned according 387 

to their Igh position. b, 3C-seq analysis of interactions from a 3’ viewpoint (HS5) or 5’ 388 
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viewpoint (VH1-86) in short-term cultured Igh
890-inv/890-inv

 Rag2
–/–

 and Igh
+/+

 Rag2
–/–

 pro-B-389 

cells. Normalized counts of the 3C-seq reads are plotted. One of two 3C-seq experiments is 390 

shown. c, Quantification of interactions. The 3C-seq reads in regions A-D (b) were quantified as 391 

mean RPM value per region for each viewpoint. RPM, reads per million mapped sequence reads. 392 

d, VDJ-seq analysis of the VH8-8 recombination frequency in pro-B-cells of the indicated 393 

genotypes. e, CTCF binding at an array of 20 CBEs, inserted at position 116,242,836 (mm9, 394 

chromosome 12) in forward (Igh
CBE /CBE

) or reverse (Igh
CBE-inv/CBE-inv

) orientation, as 395 

determined by ChIP-seq (Extended Data Fig. 3b). f, VDJ-seq analysis of VH gene recombination 396 

at the Igh 5’ end in Igh
CBE/CBE

 and Igh
CBE-inv/CBE-inv

 pro-B-cells. Statistical data in d were 397 

analysed by one-way ANOVA with Tukey’s post-hoc test. n, number of experiments. Each dot 398 

corresponds to one mouse (c,d). 399 

 400 

Fig. 2 | Pax5-dependent repression of Wapl in pro-B and pre-B-cells. 401 

a, Expression of Wapl and Smc3 in developing B-cells. RNA-seq expression data for the 402 

indicated cell types (Methods) are shown as mean TPM values with SEM. LMPP, lymphoid-403 

primed multipotent progenitors; ALP, all-lymphoid progenitors; BLP, B-cell-biased lymphoid 404 

progenitors; FO and GC B, follicular and germinal centre B-cells; PC, plasma cells. For 405 

experiment numbers see source data. b, iFRAP analysis of short-term cultured bone marrow pro-406 

B-cells and ex vivo sorted splenic mature B-cells from Smc3-Gfp transgenic mice. The difference 407 

in fluorescence intensity between bleached and unbleached regions is plotted against time. The 408 

mean values are indicated by lines and the SD by shading. n, number of cells analysed. c, Wapl 409 

expression in ex vivo sorted and in vitro cultured pro-B-cells of the indicated genotypes. d, Wapl 410 

expression in cultured Pax5
–/–

 progenitors and Rag2
–/–

 pro-B-cells, determined by 411 

immunoblotting of whole-cell extracts with antibodies detecting Wapl, Pax5 or TBP. One of two 412 
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experiments is shown with marker proteins (kilodaltons). e, Detection of Pax5 binding and 413 

H3K4me3 at the Wapl locus in bone marrow pro-B-cells and splenic mature B-cells by ChIP-414 

seq. The Pax5 peaks P1 and P2 are indicated. One of two experiments is shown. f, Wapl 415 

expression in pro-B and pre-B-cells of Wapl
∆P1,2/∆P1,2

 and Wapl
+/+

 mice is shown as mean 416 

TPM values. n, number of RNA-seq experiments (c,f). 417 

 418 

Fig. 3 | The Pax5-binding site at the Wapl promoter controls loop extrusion and VH-DJH 419 

recombination. a-d, Flow cytometric analysis of B-cell development in the bone marrow of the 420 

indicated genotypes. The percentage of pro-B and pre-B-cells is indicated for one of five 421 

experiments (a,c), and the relative frequencies of the indicated cell types are shown as mean 422 

values with SEM (b,d). e, VH gene recombination in Wapl
+/+

 and mutant pro-B-cells, 423 

determined by pairwise VDJ-seq experiments. The VDJ-seq data of Wapl
+/+

 and mutant pro-B-424 

cells are shown in the upper and lower part, respectively. The VH gene usage is shown as mean 425 

percentage of all DJH and VDJH rearrangement events with SEM. f, 3C-seq analysis of 426 

interactions from the 3’ viewpoint (HS5) in Wapl
∆P1,2/∆P1,2

 Rag2
–/–

 and Wapl
+/+

 Rag2
–/–

 pro-427 

B-cells. The 0.44-Mb proximal loop domain and the position of the VH5-6 gene are indicated. 428 

One of two 3C-seq experiments is shown. Statistical data in b and d were analysed by multiple t-429 

tests (unpaired and two-tailed with Holm-Sidak correction); **P < 0.01; ***P < 0. 001; ****P < 430 

0.0001. n, number of mice (b,d) or experiments (e). Each dot (b,d) corresponds to one mouse. 431 

 432 

Fig. 4 | Pax5-mediated recruitment of PRC2 to the Wapl promoter facilitates VH-DJH 433 

recombination. a, Epigenetic landscape at the Wapl locus in Pax5-deficient progenitors and 434 

Pax5-expressing control pro-B-cells. Binding of Pax5, Ezh2 and Suz12 and the presence of 435 

H3K4me3 and H3K27me3 were determined by ChIP-seq. One of two experiments per genotype 436 
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and antibody is shown. b, Selective loss of H3K27me3 at the Wapl promoter in Rag1
Cre/+

 437 

Eed
fl/fl

 and Wapl
∆P1/∆P1

 pro-B-cells. One of two experiments per genotype is shown. c, Wapl 438 

mRNA expression in ex vivo sorted pro-B-cells from mice of the indicated genotypes, as shown 439 

by mean TPM values. The P value and SEM (c, top) were determined by DESeq2. d, VDJ-seq 440 

analysis of pro-B-cells from Rag1
Cre/+

 Eed
fl/fl

 or control mice. The VH gene usage is shown as 441 

mean percentage of all VDJH rearrangement events with SEM. n, number of experiments. 442 

 443 

Fig. 5 | Pax5-dependent changes of the entire chromatin architecture in pro-B-cells. 444 

a, iFRAP analysis of short-term cultured bone marrow pro-B-cells from Wapl
∆P1,2/+

, Pax5
–/–

 445 

and wild-type mice carrying the Smc3-Gfp transgene, as described in Fig. 2b. n, number of cells 446 

analysed. b, Frequency distribution of intra-chromosomal contacts as a function of the genomic 447 

distance using logarithmically increased genomic distance bins, as determined by HOMER 448 

analysis of Hi-C data generated with short-term cultured Pax5
∆/∆

 progenitors, Wapl
+/+

 pro-B-449 

cells and Wapl
∆P1,2/∆P1,2

 pro-B-cells. c, Hi-C contact matrices of chromosome 12 determined 450 

for Pax5
∆/∆

 progenitors, Wapl
+/+

 and Wapl
∆P1,2/∆P1,2

 pro-B-cells and ex vivo sorted Wapl
+/+ 

451 

mature B-cells, plotted at 250-kb bin resolution with Juicebox30. The intensity of each pixel 452 

represents the normalized number of contacts between a pair of loci4 with the maximum intensity 453 

being indicated in the lower left corner. d, Number of chromatin loops (with a length of < 5 Mb) 454 

identified in Pax5
∆/∆

 progenitors, Wapl
+/+

 and Wapl
∆P1,2/∆P1,2

 pro-B-cells with HiCCUPS30. e, 455 

Distribution of the loop length. The median (white lines), middle 50% of the data (boxes) and all 456 

values of 1.5× interquartile range (whiskers) are shown. f, Hi-C contact matrices of the Igh 457 

region. Black dots indicate loop anchors. Two Hi-C experiments per genotype were performed 458 

except for mature B-cells (one experiment). 459 
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 460 

Methods 461 

Mice 462 

The following mice were maintained on the C57BL/6 background: Pax5
+/– mice31, Pax5

fl/fl
 463 

mice32, Pax5
Bio/Bio 

mice33, Pax5
ihCd2/ihCd2

 mice34, Rag2
–/–

 mice35, Cdkn2ab
+/–

 mice36, 464 

Wapl
fl/fl

 mice14, Meox2
Cre/+

 mice37, Rag1
Cre/+

 mice38, Cd79a(Mb1)
Cre/+

 mouse39, 465 

Rosa26
CreERt2/+

 mice40, transgenic Vav-Cre mice41, transgenic Flpe mice42 and transgenic 466 

CAGGs-Dre mice43. All animal experiments were carried out according to valid project licenses, 467 

which were approved and regularly controlled by the Austrian Veterinary Authorities. 468 

 469 

Generation of mutant mice 470 

Genetic alterations were introduced into the C57BL/6 Igh allele. The hybrid C57BL/6 × 129Sv 471 

ES cell line A9 was used for homologous recombination in ES cells. The frt-flanked Pgk1-Neo 472 

or Pgk1-Puro expression cassette, which was used for selection of the targeted ES cell clones, 473 

was deleted after germline transmission in the mutant mice additionally expressing the Flpe 474 

transgene42, except for the generation of Igh
fl-890-fl

 and Igh
ifl-890-fl

 alleles. All mutant strains 475 

were back-crossed to the C57BL/6 background. The Igh
fl-890-fl

 and Igh
ifl-890-fl

 alleles were 476 

created by first inserting a loxP (fl) site at position 116,237,220 (mm9, Chr. 12) into the middle 477 

of the VH gene cluster followed by insertion of a second lox (lox71) site (in the same orientation; 478 

Igh
fl-890-fl

) or an inverted lox71 (ifl) site (Igh
ifl-890-fl

) at position 117,126,667 in the Igh 5’ 479 

region by ES cell targeting (Extended Data Fig. 1b). The Igh
890-inv

 allele was generated by Cre-480 

mediated inversion of the lox71/loxP-flanked Igh region in Meox2
Cre/+

 Igh
ifl-890-fl/+

 mice 481 
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(Extended Data Fig. 1b). The Igh
∆890

 allele was created by Cre-mediated deletion of the 482 

lox71/loxP-flanked Igh region in Meox2
Cre/+

 Igh
fl-890-fl/+

 mice. The Igh
V8-8

 and Igh
V8-8-inv

 483 

alleles were generated by using the Floxin method44 to insert the VH8-8 gene in both orientations 484 

into Igh
∆890/+

 ES cells (Extended Data Fig. 2e and Supplementary Table 1b). The rox-flanked 485 

Actb-Bsd expression cassette, used for selection of targeted ES cells, was deleted after germline 486 

transmission with the CAGGs-Dre transgene, which left only one frt and one rox site in the 487 

targeted Igh locus. An array of 20 CBEs (Supplementary Table 1c) was inserted in both 488 

orientations at position 116,242,836 (mm9, Chr. 12) into the Igh locus by targeting 489 

Rosa26
CreERt2/+

 ES cells to generate the Igh
CBE

 and Igh
CBE-inv

 alleles (Extended Data Fig. 490 

3a). The loxP-flanked Pgk1-Neo expression cassette, used for selection of targeted 491 

Rosa26
CreERt2/+

 ES cells, was deleted by 4-hydroxytamoxifen-mediated induction of Cre 492 

activity in ES cells. The Eed
fl

 allele was created by ES cell targeting as described in detail in 493 

Extended Data Fig. 9a. The Wapl
∆P1,2/+

, Wapl
∆P1/+

 and Wapl
∆P2/+

 mice were generated by 494 

CRISPR/Cas9-mediated genome editing in mouse zygotes45 (C57BL/6 × CBA). For this, mouse 495 

zygotes were injected with Cas9 mRNA, a P1-specific sgRNA (linked to the scaffold tracrRNA) 496 

and a repair template to specifically delete the Pax5-binding site P1 and/or with Cas9 mRNA and 497 

two different P2-specific sgRNAs and a repair template to delete a 340-bp fragment 498 

encompassing the site P2 (Extended Data Fig. 6a and Supplementary Table 4). The Smc3-Gfp 499 

transgenic mouse line 43 was generated by injecting the pronucleus of a mouse zygote with the 500 

bacterial artificial chromosome (BAC) RP24-276L14 containing the Smc3 locus that was 501 

modified by insertion of a C-terminal localization-affinity purification (LAP) tag comprising the 502 

green fluorescent protein (GFP)46. 503 

 504 
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Antibodies 505 

The following monoclonal antibodies were used for flow cytometric analysis of the mouse bone 506 

marrow, spleen and thymus: B220/CD45R (RA3-6B2), CD2 (RM2-5), CD3 (145-2C11), CD4 507 

(L3T4), CD5 (53-7.3), CD8a (53-6.7), CD11b (M1/70), CD19 (1D3), CD21/CD35 (7G6), CD23 508 

(B3B4), CD25/IL-2Rα (PC61), CD28 (37.51), CD44 (IM7), CD90.2/Thy1.2 (30-H12), 509 

CD95/Fas ((Jo2), CD115/MCSF-R (AFS98), CD117/Kit (2B8), CD127/IL-7Rα (A7R34), 510 

CD135/Flt3 (A2F10.1), CD138 (281-2), GL7(GL7), Gr1 (RB6-8C5), hCD2 (RPA-2.10), IgD 511 

(11-26c), IgM (II/41), IgM
a
 (MA-69), IgM

b
 (AF6-78), Ly6D (49H4), Sca1/Ly6A (D7), TCRβ 512 

(H57-597) and Ter119 (TER119). 513 

 The following antibodies were used for immunoblot or immunoprecipitation analyses: anti-514 

Ezh2 (rabbit mAb clone D2C9; Cell Signaling) or anti-Ezh2 (rabbit polyclonal Ab, pAb-039-515 

050; Diagenode), anti-Myc (mouse mAb clone 9E10; produced in-house), anti-Suz12  (rabbit 516 

mAb clone D39F6; Cell Signaling), anti-Pax5 (rabbit polyclonal Ab, detecting the paired domain 517 

(amino acids 17-145)47; Busslinger laboratory), anti-CTCF (rabbit polyclonal Ab 07-729; Merck 518 

Millipore), anti-Wapl (rabbit polyclonal Ab, A960; Peters laboratory), anti-TBP (mouse mAb 519 

clone 3TF1-3G3; Active Motif), anti-GFP (chicken polyclonal Ab, ab13970; Abcam), anti-Smc1 520 

(rabbit polyclonal Ab, A300-055A; Bethyl Laboratories), anti-Smc3 (rabbit polyclonal Ab, 521 

A300-060A; Bethyl Laboratories), anti-Smc3ac (mouse mAb; a gift from K. Shirahige), anti-522 

Scc1(Rad21) (mouse mAb 53A303; EMD Millipore Corporation), anti-Pds5a (rabbit polyclonal 523 

Ab, A300-089A; Bethyl Laboratories), anti-Pds5b (rabbit polyclonal Ab, A300-537A; Bethyl 524 

Laboratories), anti-H3K4me3 (rabbit polyclonal Ab, pAb-003-050; Diagenode) and anti-525 

H3K27me3 (rabbit mAb 9733; Cell Signaling). 526 

 527 

Definition of cell types by flow cytometry 528 
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Cell types were defined as follows in the bone marrow: MPP (Lin
–
Kit

hi
Sca1

hi
), LMPP (Lin

–
529 

Kit
hi

Sca1
hi

CD135
+
), ALP (Lin

–
CD127

+
CD135

+
Ly6D

–
), Pax5

– 
BLP (Lin

–
530 

CD127
+
CD135

+
Ly6D

+
hCD2(Pax5)

–
), Pax5

+ 
BLP (Lin

–
CD127

+
CD135

+
Ly6D

+
hCD2(Pax5)

+
), 531 

Pax5-deficient progenitors (CD19
–
B220

+
Kit

+
Ly6D

+
), pro-B cells (CD19

+
B220

+
IgM

–
IgD

–
532 

Kit
+
CD25

–
), pre-B cells (CD19

+
B220

+
IgM

–
IgD

–
Kit

–
CD25

+
), immature B cells 533 

(CD19
+
B220

+
IgM

+
IgD

–
), recirculating B cells (CD19

+
B220

+
IgD

+
), plasma cells 534 

Lin
−
GFP(Blimp1)

hi
B220

lo
CD138

hi
CD28

+
, macrophages (CD115

+
Gr1

int
), granulocytes (Gr1

+
); 535 

in the spleen: immature B cells (CD19
+
B220

+
IgM

+
IgD

–
), mature B cells (CD19

+
B220

+
IgD

+
), 536 

follicular (FO) B cells (CD19
+
B220

+
CD23

+
CD21

lo
), germinal centre (GC) B cells 537 

(CD19
+
B220

+
GL7

+
Fas

+
), T cells (TCRβ+

), CD4
+
 T cells (CD4

+
CD8

–
), CD8

+
 T cells (CD4

–
538 

CD8
+
); in the thymus: DN T cells (CD4

–
CD8

–
CD90.2

+
), DP T cells (CD4

+
CD8

+
), CD4

+
 SP T 539 

cells (CD4
+
CD8

–
), CD8

+
 SP T cells (CD4

–
CD8

+
). Lineage depletion (Lin

–
) was performed 540 

using the MagniSort™ Mouse Hematopoietic Lineage Depletion Kit (Thermo Fisher Scientific), 541 

which contains anti-CD2, CD3, CD5, CD11b, CD19, B220/CD45R, Ly6G and Ter119 542 

antibodies. Flow cytometry experiments and FACS sorting were performed on LSR Fortessa 543 

(BD Biosciences) and FACSAria III (BD Biosciences) machines, respectively. Flowjo software 544 

(Treestar) was used for data analysis. 545 

 546 

In vitro culture of pro-B cells 547 

Pro-B cells and Pax5-deficient progenitors were cultured on OP9 cells in IL-7-containing IMDM 548 

as described48. 549 
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 550 

RT-qPCR analysis of mRNA expression 551 

Total RNA was prepared from distinct B and T cell types sorted from the bone marrow, thymus 552 

and spleen or from in vitro cultured v-Abl pro-B cell lines, using a semi-automated RNA bead 553 

isolation method with Sera-Mag SpeedBead Carboxylate-Modified Magnetic Particles 554 

(Hydrophobic; GE Healthcare) run on the magnetic particle processor KingFisher Duo 555 

instrument (Thermo Fisher Scientific). The cDNA was synthesized using Oligo d(T)18 primer 556 

(NEB) and SuperScript II Reverse Transcriptase (Thermo Fisher Scientific) in the presence of 557 

RNase inhibitor (Thermo Fisher Scientific). The transcripts of selected genes were amplified by 558 

qPCR using primers located in different exons (Supplementary Table 4) and were normalized 559 

against the Tbp mRNA.  560 

 561 

Transient transfection and co-precipitation analysis 562 

To investigate the interaction of Pax5-Bio with PRC2 by co-precipitation experiments (Extended 563 

Data Fig. 9d), 1.5 × 10
7 HEK-293T cells were transiently transfected by Lipofectamine 564 

(Invitrogen) with the expression plasmids pCMV-mPax5-Bio-IRES-BirA (1 μg), pCMV-myc-565 

hEzh2 (1 μg), pCMV-hSuz12 (1 μg) and pCMV-mEed (1μg) or with pCMV-mPax5-Bio-IRES-566 

BirA (1 μg) and pCMV-myc-mIRF4 (1 μg). Two days after transfection, nuclear extracts were 567 

prepared as described in detail49 and their protein content was measured by Bradford assay 568 

(BioRad). All Dynabeads used for streptavidin pulldown were incubated with 1 mg/ml BSA in 569 

PBS overnight at 4 °C. Nuclear extracts were precleared with protein G Dynabeads for 1 h at 4
 

570 

°C and subsequently incubated at 4
 
°C overnight with M-280 Streptavidin Dynabeads (Thermo 571 

Fisher Scientific). The beads were washed five times in 20 mM Tris pH 8, 250 mM KCl, 1.5 mM 572 

MgCl2, 10% glycerol, 2 mM 6-aminocaproic acid (6AA), 10 mM NaF, 1 mM β-573 



  6/4/20 

 -25- 

glycerophosphate, 1 mM sodium pyrophosphate and 1× cOmplete Protease Inhibitor Cocktail 574 

(Roche) by removal of the supernatant by magnetic sorting. The precipitated proteins were 575 

resuspended in 2× SDS sample buffer, eluted from the beads by boiling and separated by SDS-576 

PAGE followed by immunoblotting. 577 

 578 

Inverse fluorescence recovery after photobleaching (iFRAP) analysis 579 

In vitro short-term cultured pro-B cells and Pax5-deficient progenitors as well as ex vivo sorted 580 

splenic mature B cells (CD43
–
) expressing the Smc3-Gfp transgene were seeded onto poly-L-581 

lysine-coated glass slides in phenol red-free IMDM in the presence of recombinant IL-7 or 582 

BAFF 60-mer ligand (AdipoGen Life Sciences), respectively. Cells were imaged on a LSM710 583 

confocal microscope (Carl Zeiss) at 37 °C in the presence of 5% CO2, using a 40×/1.4 numerical 584 

aperture (N/A) objective. DNA was counterstained with 0.5 μM SiR-Hoechst (SiR-DNA, 585 

Spirochrome) for 4 h before the experiment. Two images were acquired before bleaching half of 586 

the nucleus by two iterations of a 488 nm laser at maximal intensity, and 240 images were 587 

acquired afterwards at 1 min intervals. Signal intensities were measured in bleached and 588 

unbleached regions followed by background subtraction using the blue ZEN software (version 589 

2.6). Normalization of the iFRAP curve and curve fitting were performed as described50.  590 

 591 

Mapping of open chromatin regions 592 

Open chromatin regions were mapped in ex vivo sorted lymphoid progenitors and different B cell 593 

types by the ATAC-seq method as described51 with the modification that the nuclei were 594 

prepared by incubating cells with nuclear preparation buffer (0.3 M sucrose, 10 mM Tris pH 7.5, 595 

60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 0.1% NP-40, 0.15 mM spermine, 0.5 596 

mM spermidine, and 2 mM 6AA) before treatment with the transposase Tn5 (4 μl of Nextera 597 

Tn5 transposase per 30,000 cells). 598 
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 599 

ChIP analysis of transcription factors, epigenetic regulators and histone modifications  600 

Ex vivo sorted and short-term cultured pro-B cells were crosslinked with 1% formaldehyde 601 

(Sigma) for 10 min (Pax5, CTCF and histone modification analysis). Nuclei were prepared and 602 

lysed in the presence of 0.25% SDS (Pax5, CTCF) or 1% SDS (histone modifications). The 603 

chromatin was sheared by sonication with the Bioruptor® Standard (Diagenode), followed by 604 

immunoprecipitation with specific antibodies. The specific enrichment was measured and 605 

calculated as the precipitated DNA amount relative to input DNA. 606 

 For Suz12 and Ezh2 ChIP-seq experiments, short-term cultured control (Rag2
–/–

) and Pax5-607 

deficient (Pax5
–/– Rag2

–/–
) pro-B cells as well as activated mature B cells were subjected to 608 

crosslinking first with 1% formaldehyde (Sigma) for 10 min followed by 2 mM disuccinimidyl 609 

glutarate (DSG, 20593, Thermo Fisher Scientific) for 45 min. Nuclei were prepared and lysed in 610 

the presence of 0.25% SDS. Pax5 binding was determined in mature Pax5
Bio/Bio

 B cells, which 611 

were stimulated with 1.5 mg/ml anti-CD40 (HM40-3, eBioscience) and 10 ng/ml IL-4  for 2 612 

days, followed by Bio-ChIP-seq analysis as described52. The ChIP-precipitated DNA (1–2 ng) 613 

was used for library preparation and subsequent Illumina deep sequencing (Supplementary Table 614 

5).  615 

 616 

VDJ-seq analysis 617 

VDJ-Seq analysis of the Igh locus was performed as described27. Genomic DNA was extracted 618 

from ex vivo sorted pro-B cells. The DNA (2 μg) was sheared using the Bioruptor sonicator 619 

(Diagenode) and subjected to end-repair and A-tailing, followed by ligation of adapters 620 

containing 12 UMI sequences using the NEBNext Ultra II DNA library prep kit from Illumina 621 

(NEB). A primer extension step with biotinylated JH-specific primers generated the single-622 
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stranded DNA products that were captured using Dynabeads MyOne streptavidin T1 beads 623 

(Thermo Fisher Scientific) and PCR-amplified with nested JH-specific and adapter-binding 624 

primers (Supplementary Table 4). The llumina sequencing adapter primers including the indexes 625 

for multiplexing of libraries were added to the PCR products in a final PCR amplification step. 626 

Paired-end 300-bp sequencing was performed on a MiSeq (Illumina) sequencing instrument 627 

(Supplementary Table 5).  628 

 629 

3C-seq analysis 630 

The 3C-seq method, which is a modified version of the 3C-HTGTS method23, is based on the 631 

VDJ-seq method27. In short, 3C-templates were prepared by crosslinking 10
7
 short-term cultured 632 

pro-B cells in 2% formaldehyde for 10 min, followed by quenching with glycine and cell lysis. 633 

Nuclei were subjected to treatment with 0.5% SDS (62 °C, 10 min) and 1.14% Triton X-100 (37 634 

°C, 15 min), and chromatin was digested with DpnII (4x 500 U DpnII (NEB) at 37 °C for 4-5 h), 635 

as described4. After heat inactivation of DpnII, the chromatin was ligated, then de-crosslinked 636 

(0.3 mg/ml proteinase K, 55 °C for 4 hr and 65 °C overnight) and treated with RNase A. Phenol-637 

chloroform extracted DNA (5-6 μg) was used for 3C-seq library preparation by using the VDJ-638 

seq method27 with viewpoint-specific biotinylated and nested primers (Supplementary Table 4), 639 

followed by paired-end 300-bp sequencing on a MiSeq (Illumina) sequencing instrument 640 

(Supplementary Table 5). 641 

 642 

Complementary DNA (cDNA) preparation for RNA-sequencing 643 

Total RNA from ex vivo sorted pro-B and pre-B cells or short-term in vitro expanded pro-B cells 644 

was isolated with the RNeasy Plus Mini Kit (Qiagen), and mRNA was purified by two rounds of 645 

poly(A) selection with the Dynabeads mRNA purification kit (Invitrogen). The mRNA was 646 

fragmented by heating at 94 °C for 3 min in fragmentation buffer. The fragmented mRNA was 647 
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used as template for first-strand cDNA synthesis with random hexamers and the Superscript Vilo 648 

First-Strand Synthesis System (Invitrogen). The second-strand cDNA synthesis was performed 649 

with 100 mM dATP, dCTP, dGTP and dUTP in the presence of RNase H, E. coli DNA 650 

polymerase I and DNA ligase (Invitrogen). 651 

 652 

Library preparation and Illumina deep sequencing 653 

About 0.6-20 ng of cDNA or ChIP-precipitated DNA was used as starting material for the 654 

generation of sequencing libraries with the NEBNext Ultra II DNA library prep kit for Illumina 655 

(NEB). Alternatively, sequencing libraries were generated using the NEBNext End Repair/dA-656 

Tailing Module and NEBNext Ultra Ligation Module (NEB) followed by amplification with the 657 

KAPA Real-Time Amplification kit (KAPA Biosystems). Cluster generation and sequencing 658 

were carried out using the Illumina HiSeq 2500 system with a read length of 50 nucleotides, 659 

according to the manufacturer's guidelines. 660 

 661 

Hi-C library preparation 662 

CD19
+
 pro-B cells or B220

+
 Pax5-deficient progenitors, which were isolated from the bone 663 

marrow by immunomagnetic enrichment with anti-CD19- or B220-MicroBeads (Milteny 664 

Biotec), respectively, were cultured for 4-12 days on OP9 cells in IL-7-containing IMDM48. 665 

Prior to Hi-C library preparation, the cultured CD19
+
 pro-B cells or B220

+
 Pax5-deficient 666 

progenitors were purified by immunomagnetic enrichment with anti-CD19- or B220-MicroBeads 667 

(Milteny Biotec) to eliminate contaminating OP9 feeder cells. The CD19
+
 pro-B cells were 668 

additionally depleted of IgM-expressing cells. Mature CD43
–
 B cells were isolated from the 669 

spleen with the B Cell Isolation Kit (mouse; Milteny Biotec), which depleted CD43-expressing 670 

immature B cells and non-B cells following staining with biotin-conjugated anti-CD43, anti-CD4 671 
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and anti-Ter119 antibodies and subsequent depletion with Anti-Biotin Microbeads. Hi-C 672 

libraries were prepared from 2 × 10
7
 cells as described in detail4 and were sequenced using the 673 

Illumina NextSeq system with a read length of 75 nucleotides in the paired-end mode, according 674 

to the manufacturer’s guidelines. 675 

 676 

Identification of CTCF peaks in the Igh locus 677 

We identified CTCF peaks (here referred to as CTCF-binding elements; CBEs) in the Igh locus 678 

based on the published data of our CTCF antibody ChIP-seq experiment (GSM114565) that was 679 

performed with short-term cultured Rag2
–/–

 pro-B cells18. Sequence reads were uniquely aligned 680 

to the mouse genome assembly version of July 2007 (NCBI37/mm9) using the Bowtie program 681 

version 1.0 (ref. 53). CTCF peaks were called by MACS 1.3.6.1 (ref. 54) and filtered for P 682 

values of < 10
-10

 to obtain a total of 97,487 peaks. We subsequently split all 166 peaks called in 683 

the Igh locus (mm9, Chr.12; 114,451,520-117,269,160) using PeakSplitter55 with height cutoff 684 

parameter 10 and valley parameter 0.4, and applied a conservative height cutoff of 100 reads to 685 

obtain a final list of peaks. This resulted in 137 CBEs: 10 CBEs at the 3' end, 2 CBEs in the 686 

IGCR1 region and 125 CBEs within the VH gene cluster (Extended Data Fig 1a). The inverted 687 

region (mm9 Chr12: 116,237,220-117,126,667) of the Igh
890-inv 

allele contained 49 CBEs. 688 

  To enumerate all potential CTCF-binding sites in the Igh locus, we retrieved the repeat-689 

masked mouse genome sequence (mm9) using EXONERATE56 and scanned the sequence region 690 

of the Igh locus with a CTCF motif derived from the summits of the top 300 CTCF peaks, using 691 

MEME57. The scanning was done with FIMO version 4.9.1 (ref. 57) by setting the P value 692 

threshold to < 0.001, which resulted in 994 (forward) and 791 (reverse) hits (Extended Data Fig 693 

1a). For 115 of the 137 CBEs, we could assign a clear CTCF motif within 25 bp from the peak 694 
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summit. Within the inverted region of the Igh
890-inv 

allele, 37 of the 49 CBEs contained a CTCF 695 

motif. 696 

 697 

Definition of the 5’ and 3’ ends of the mouse Igh locus 698 

For this paper, we defined the extent of the Igh locus according to its loop domain (TAD) in pro-699 

B cells starting with the first interacting CTCF peak (second peak upstream of VH1-86 gene) to 700 

the last of the 10 CTCF peaks in the 3’CBE region. We furthermore added 2 kb from the summit 701 

of these two CTCF peaks, which resulted in the following Chr. 12 mm9 coordinates for the 702 

mouse C57BL/6 Igh locus; 114,451,520 (3’ end) - 117,269,160 (5’ end) with a length of 703 

2,817,641 bp. 704 

 705 

Design of the CTCF-binding site array 706 

We selected the top 20 CTCF peaks from the Igh locus (Extended Data Fig. 3a), extracted a 24-707 

bp sequence containing the forward CTCF-binding motif, added the flanking 10 bp after random 708 

sequence shuffling57 and added another 20 bp of random sequence, which result in an 84-bp 709 

sequence (Supplementary Table 1c). Care was taken not to create an additional CTCF or Pax5 710 

motif in the shuffling process. The 20 CTCF-binding sequences were concatenated to generate 711 

an array of 20 CBEs, which was inserted in forward or reverse orientation at position 712 

116,242,836 of the Igh locus (Extended Data Fig 3a).  713 

 714 

Analysis of RNA-seq data 715 

The number of reads per gene was counted using the featureCounts version 1.5.0 (ref. 58) with 716 

default settings. Transcripts per million (TPM) values were calculated as described59. 717 

Differential gene expression between ex vivo sorted Wapl
+/+

 and Wapl
∆P1,2/∆P1,2

 pro-B cells 718 

was analysed using R version 3.3.3. and DESeq2 version 2.1.14.1. Regularized log 719 
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transformations were computed with the blind option set to ‘FALSE’. Genes with an adjusted P 720 

value < 0.05, TPM (averaged for each genotype) > 5 at least in one of the two genotypes, and a 721 

fold-change of > 2 were called as significantly differentially expressed (Extended Data Fig. 10e 722 

and Supplementary Table 3). All transcripts of the V, D and J gene segments at the Igh, Igk and 723 

Igl loci were eliminated from the list of significantly regulated genes, although the 724 

immunoglobulin and T cell receptor transcripts were included in all TPM calculations. 725 

 Differential gene expression between ex vivo sorted control and Rag1
Cre/+

 Eed
fl/fl

 pro-B 726 

cells was analysed as described above, except that only genes with an expression difference of > 727 

3-fold were considered (Extended Data Fig. 9f and Supplementary Table 2). The control samples 728 

consisted of 3 independent experiments performed with Rag1
Cre/+

 Eed
fl/+

 pro-B cells and 1 729 

experiment performed with Eed
fl/fl

 pro-B cells (Supplementary Table 5).  730 

 731 

Bioinformatic analysis of 3C-seq data   732 

We analysed the 3C-seq data with the captureC 2.0 program60 with newer versions of the 733 

programs cutadapt 1.16 (ref. 61) and trim_galore 0.4.2 734 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). For comparison, the 3C-seq 735 

reads were mapped as normalized counts by normalizing to the number of viewpoint-containing 736 

reads of the smallest library in the set of samples compared. The 3C-seq data were further 737 

analysed with r3Cseq 1.28 (ref. 62) with minor modifications to adjust for a larger viewing range 738 

required for the Igh locus and for the insertion of the CBE array by generating modified genome 739 

versions. The mean RPM values shown in Fig. 1c and Extended Data Fig. 4b,d have been 740 

calculated by r3Cseq, using a customized script based on the R version 3.3.3. For the generation 741 

of the 3C-seq data shown in Extended Data Figs. 2c and 4e,f, we used the r3Cseq command 742 

‘getBatchInteractions’ with the option ‘union’ for analyzing the 3C-seq data of the two replica 743 
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experiments performed with pro-B cells of each genotype. The Igh regions analysed in Fig. 1b,c 744 

were defined by the following mm9 coordinates on chromosome 12: A (117,126,669-745 

117,270,000), B (116,237,129-117,126,668), C (115,000,000-116,237,128) and D (114,451,520-746 

114,999,999). The Igh regions analysed in Extended Data Fig. 4a-d were defined as follows: A 747 

(116,292,840-116,592,840) and B (115,892,840-116,192,840). 748 

 749 

Bioinformatic analysis of VDJ-seq data 750 

The bioinformatic analysis of the VDJ-seq data was performed as described in detail27, and the 751 

resulting data was summarised using customised scripts based on the R version 3.3.3. 752 

 753 

Processing, normalization and resolution of Hi-C data 754 

The HiCUP pipeline version 0.5.10 (ref. 63) with the scorediff parameter set to "10" was used to 755 

truncate, align and filter the reads by applying the following software versions: R 3.4.1 9 756 

(https://www.r-project.org), Bowtie 2.2.9 (ref. 53) and SAMtools 1.4. (ref. 64). We merged the 757 

data of the two Hi-C experiments, which were performed with progenitor or pro-B cells of the 758 

same genotype, to produce contact matrix files with the Juicer tools 1.8.9 (ref. 30). The 759 

resolution of the Hi-C data has been calculated according to Rao et al.4 by using the script 760 

“calculate_map_resolution”. The following unique di-tags were generated; 382,665,804 761 

(Pax5
∆/∆ progenitors), 314,876,625 (Wapl

+/+
 pro-B cells), 306,800,111 (Wapl

∆P1,2/∆P1,2
 pro-B 762 

cells) and 111,531,239 (Wapl
+/+

 mature B cells). The following resolution of the Hi-C data (Fig. 763 

5b-f) was calculated; 5.4 kb (Pax5
∆/∆ progenitors), 6.7 kb (Wapl

+/+
 pro-B cells), 7.25 kb 764 

(Wapl
∆P1,2/∆P1,2

 pro-B cells) and 28.6 kb (Wapl
+/+

 mature B cells). 765 

 766 

Analysis of intra-chromosomal contact frequency (Hi-C) 767 



  6/4/20 

 -33- 

Contact frequency distributions have been calculated using the makeTagDirectory command of 768 

HOMER 4.10.3 (ref. 65). The contact frequency plots shown in Fig. 5b and Extended Data Fig. 769 

10b are based on ~50 contact data points based on ~50 bins, whereby each bin is defined as 0.1 770 

step on the log10 scale of genomic distance observed between the contract points. Each data point 771 

is thus the sum of all contact fraction values in the respective bin. The contact frequency plot is 772 

shown as a smoothened line of the ~50 contact data points plotted against the logarithmic (log10) 773 

genomic distance. 774 

 775 

Analysis of chromatin loops and compartments (Hi-C) 776 

Intra-chromosomal loops have been called with the HiCCUPS algorithm from the Juicer tools30. 777 

The distribution of the loop length has been calculated by custom R and bash scripts. The 778 

compartments shown in Fig. 5c were calculated and visualized with Juicebox4.  779 

 780 

Statistical analysis 781 

Statistical analysis was performed with the GraphPad Prism 7 software. Two-tailed unpaired 782 

Student’s t-test analysis was used to assess the statistical significance of one observed parameter 783 

between two experimental groups. If more than one parameter were measured in two 784 

experimental groups, multiple t-tests were applied, and the Holm-Sidak multi comparison test 785 

was used to report the significance between the two groups. One-way ANOVA was used when 786 

more than two experimental groups were compared, and the statistical significance was 787 

determined by the Tukey post hoc test. The statistical evaluation of the RNA-seq data was 788 

performed with the DESeq2 program. 789 

 790 

Reporting summary 791 
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Further information on the research design is available in the Nature Research Reporting 792 

Summary linked to this paper. 793 

 794 

Data availability 795 

The RNA-seq, ChIP-seq, ATAC-seq, VDJ-seq, 3C-seq and Hi-C data reported in this study 796 

(Supplementary Table 5) are available at the Gene Expression Omnibus (GEO) repository under 797 

the accession number GSE140975. Figure source data are provided for this paper. 798 
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Extended Data Figures Legends 907 

Extended Data Fig. 1 | Generation and characterization of the Igh890-inv
 allele. 908 

a, Orientation of the CTCF-binding sites in the Igh locus. The CTCF-binding pattern was 909 

determined by ChIP-seq of Rag2
–/–

 pro-B cells. The locations of forward (red) and reverse 910 

(blue) CTCF motifs detected at the summit of the CTCF peaks are shown together with all 911 

predicted CTCF motifs, identified based on the forward and reverse consensus CTCF-binding 912 

motifs shown. The annotation of the C57BL/6 Igh locus indicates the distinct VH gene families 913 

(different colours) in the distal, middle and proximal VH gene regions (Johnston et al. 2006. J. 914 

Immunol. 176, 4221-4234) and the 3’ proximal Igh domain containing the DH, JH and CH 915 

elements as well as the Eμ and 3’RR enhancers (red). b, Schematic diagram of the Igh
ifl-890-fl

 916 

and Igh
890-inv

 alleles. The indicated selection cassettes were used for introducing the upstream 917 

inverted lox71 site (ifl) and downstream loxP site (fl) by sequential ES cell targeting. c, Flow 918 

cytometric analysis of bone marrow cells from Igh
890-inv/890-inv

 and Igh
+/+

 mice. The relative 919 

frequencies of the indicated cell types (defined in Methods) are shown as mean values with 920 

SEM. d, Flow cytometric determination of the ratio of immature IgM
b
 (B6) to IgM

a
 (129) B 921 

cells from Igh
890-inv(B6)/+(129)

 and Igh
+(B6)/+(129)

 mice, which were generated by crossing 922 

Igh
890-inv/+

 mice on the C57BL/6 (B6) background with Igh
+/+

 mice of the 129/Sv (129) strain. 923 

The rearranged Igh alleles of the C57BL/6 and 129/Sv strains give rise to expression of the IgM
b
 924 

and IgM
a
 isotypes, respectively. e, VH gene expression from the Igh

890-inv(B6)
 or Igh

+(B6)
 allele 925 

in immature IgM
b
 (B6) B cells sorted from Igh

890-inv(B6)/+(129)
 or Igh

+(B6)/+(129)
 mice, 926 

respectively. The RNA-seq profiles are shown with the Igh annotation (see a) and inverted 927 
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region (bar). One of two experiments is shown. RPM, reads per million mapped sequence reads. 928 

f,g VDJ-seq analysis of pro-B cells from the bone marrow of Igh
890-inv/890-inv

 and Igh
+/+

 mice. 929 

f, The percentages of uniquely identified DJH and VDJH sequences are indicated. g, The relative 930 

usage of the distal VH genes at the Igh 5’ end is shown as mean percentage of all VDJH 931 

recombination events with SEM. A horizontal bar indicates the 5’ end of the inverted region. 932 

Statistical data are shown as mean value with SEM and were analysed either by multiple t-tests 933 

(unpaired and two-tailed with Holm-Sidak correction; c,f) or by the Student’s t-test (unpaired 934 

and two-tailed; d). n, number of mice (c,d) or experiments (f,g). Each dot corresponds to one 935 

mouse. 936 

 937 

Extended Data Fig. 2 | Dependence of VH-DJH recombination on chromatin looping and VH 938 

gene orientation. a, ChIP-seq analysis of CTCF binding in the distal 890-kb region in short-939 

term cultured pro-B cells from Igh
890-inv/890-inv

 and Igh
+/+

 mice. Vertical bars indicated CTCF 940 

peaks defined by ‘peak calling’. The ChIP-seq data of the Igh
890-inv

 allele were aligned on the 941 

wild-type Igh sequences. One of two experiments per genotype is shown. b, Igh positions of the 942 

3C-seq viewpoints, which are referred to by the nearest VH gene, the hypersensitive site 5 (HS5) 943 

in the 3’CBE region or the CBE array insertion (Supplementary Table 1c). c, Interactions from 944 

the 5’ (VH1-86; left) and 3’ (HS5; right) viewpoints in short-term cultured pro-B cells from 945 

Igh
890-inv/890-inv

 Rag2
–/–

 and Igh
+/+

 Rag2
–/–

 mice. The 3C-seq reads along the Igh locus (upper 946 

two panels) are shown as RPM values with the respective Q values, which were calculated by the 947 

r3Cseq program based on two 3C-seq experiments per genotype. The lower panel shows the 948 

fold-change of the RPM values for interaction differences of > 2-fold (dashed line) between 949 

experimental (Exp) Igh
890-inv/890-inv

 Rag2
–/–

 and control (Ctrl) Igh
+/+

 Rag2
–/–

 pro-B cells. d, 950 
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Schematic diagram summarising the loop formation at the Igh
890-inv

 allele in pro-B cells. The 951 

CBEs with their orientation are indicated by red and blue arrowheads, VH genes by grey arrows 952 

and loops by arches. The new loop domain is indicated in red. e, Schematic diagram of the 953 

Igh
∆890

, Igh
V8-8

 and Igh
V8-8-inv

 alleles. The Igh
V8-8

 and Igh
V8-8-inv

 alleles were generated by 954 

insertion of the VH8-8 gene with 500 bp of its 5’ and 3’ flanking sequences (lacking any CBE) in 955 

the forward or reverse orientation at the deletion point (117,126,667 / 116,237,220; mm9, Chr. 956 

12) of the Igh
∆890

 allele (see Methods). The distances from the 3’ end of the VH8-8 gene to the 957 

next CBEs and VH genes are indicated. The sequence of the inserted VH8-8 with its flanking 958 

DNA sequences is shown in Supplementary Table 1b. f, RNA-seq profile of the Igh locus in 959 

immature B cells from the bone marrow of Igh
V8-8/∆890

, Igh
V8-8-inv/∆890 

and Igh
+/∆890 

mice. 960 

The VH8-8 gene position and Igh annotation are indicated. The data of one of two RNA-seq 961 

experiments per genotype is shown. g, VH8-8 mRNA expression in immature B-cells of the 962 

indicated genotypes is shown as mean TPM (transcripts per million) value. Each dot corresponds 963 

to one experiment. 964 

 965 

Extended Data Fig. 3 | Characterization of Igh alleles with inserted CBE arrays. 966 

a, Insertion of an array of 20 functional CBEs in forward (red) or inverted (inv, blue) orientation 967 

at position 116,242,836 (mm9, Chr. 12) in the Igh
CBE

 or Igh
CBE-inv

 allele, respectively. The 968 

positions of the Igh CBEs used for the generation of the CBE arrays (Supplementary Table 1c) 969 

are indicated below a map of all CBEs. b, CTCF binding at the Igh locus, as determined by 970 

ChIP-seq analysis of short-term cultured pro-B cells from the bone marrow of Igh
CBE-inv/CBE-

971 

inv
 and Igh

CBE/CBE
 mice. One of two experiments is shown. c, Flow cytometric determination 972 

of the ratio of immature IgM
b
 (B6) to IgM

a
 (129) B cells in the bone marrow of Igh

CBE-
973 
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inv(B6)/+(129)
, Igh

CBE(B6)/+(129)
 and Igh

+(B6)/+(129)
 mice (see Extended Data Fig. 1d). The 974 

IgM
b
 / IgM

a
 ratios are shown relative to that of immature B cells of Igh

+(B6)/+(129)
 mice (set to 975 

1). Statistical data are shown as mean value with SEM and were analysed by one-way ANOVA 976 

with Tukey’s post-hoc test. d, VH gene expression from the Igh
CBE-inv(B6)

, Igh
CBE(B6) 

and 977 

Igh
+(B6)

 alleles in immature IgM
b
 (B6) B cells sorted from Igh

CBE-inv(B6)/+(129)
, 978 

Igh
CBE(B6)/+(129)

 and Igh
+(B6)/+(129)

 mice, respectively (see Extended Data Fig. 1d). The 979 

expression (TPM) value of each VH gene is shown as shared (grey) and unique expression of the 980 

Igh
CBE-inv(B6)

 (blue), Igh
CBE(B6) 

(green) and Igh
+(B6)

 (black) alleles. Mean TPM values with 981 

SEM were determined by the DESeq2 program and are based on two (Igh
CBE-inv(B6)

, 982 

Igh
CBE(B6)

) and three (Igh
+(B6)

) RNA-seq experiments. The VH genes are aligned according to 983 

their Igh position. e,f, VDJ-seq analysis of ex vivo sorted pro-B cells from the bone marrow of 984 

Igh
+/+

, Igh
CBE/CBE

 and Igh
CBE-inv/CBE-inv

 mice. e, The percentages of uniquely identified DJH 985 

and VDJH sequences are shown as mean percentage with SEM. f, Pairwise comparisons of VDJ-986 

seq results obtained with Igh
+/+

 (black), Igh
CBE/CBE

 (green) and Igh
CBE-inv/CBE-inv

 (blue) pro-987 

B cells. The relative usage of each VH gene was determined as percentage of all VDJH 988 

recombination events and is shown as mean percentage with SEM. n, number of mice. Each dot 989 

corresponds to one mouse (c,e). 990 

 991 

Extended Data Fig. 4 | New loop formation upon insertion of an inverted CBE array in the 992 

Igh locus. a-d, 3C-seq analysis of interactions across the Igh locus from the 3’ (HS5; a,b) or 5’ 993 

(CBE; c,d) viewpoint in short-term cultured Igh
CBE-inv/CBE-inv

, Igh
CBE/CBE

 and Igh
+/+

 pro-B 994 

cells. a,c, Mapping of the 3C-seq reads as normalized counts across the Igh locus. One of two 995 



  6/4/20 

 -42- 

experiments per genotype is shown. b,d, Quantification of the interactions from the 3’ (HS5, b) 996 

or 5’(CBE, d) viewpoint. The 3C-seq reads in regions A and B were quantified as mean RPM 997 

value per region, based on two experiments per genotype. e,f, Interactions from the 3’ (HS5; e) 998 

or 5’ (CBE; f) viewpoint in Igh
+/+

, Igh
CBE/CBE

 and Igh
CBE-inv/CBE-inv

 pro-B cells. The 3C-seq 999 

reads along the Igh locus (upper two panels) are shown as RPM values with the respective Q 1000 

values, calculated by the r3Cseq program based on two experiments per genotype. Arrows 1001 

highlight a strong interaction from the 3’ viewpoint (HS5) to a region immediately downstream 1002 

of the inserted CBE array (e), and a bar denotes the 600-kb region exhibiting reduced 1003 

interactions in Igh
CBE-inv/CBE-inv

 pro-B cells (e). The lower panel shows the fold-change of the 1004 

RPM values for interaction differences of > 2-fold (dashed line; e) or > 1.5-fold (f) between the 1005 

experimental (Exp) and control (Ctrl) pro-B cells of the indicated genotypes. g, Schematic 1006 

diagram summarising the loop formation at the Igh
CBE-inv

 allele in pro-B cells. The CBEs with 1007 

their orientation are indicated by red and blue arrowheads, VH genes by grey arrows and loops by 1008 

arches. The new loop domain is indicated in red. A thicker blue arche indicates the enhanced 1009 

interaction from the 3’CBE to a region immediately downstream of the inserted CBE array. 1010 

 1011 

Extended Data Fig. 5 | Cohesin stabilization on chromatin by Pax5-dependent Wapl 1012 

repression in pro-B cells. a, Wapl mRNA expression in developing and mature B and T cells of 1013 

wild-type mice. The indicated B and T cell types were sorted from the bone marrow (pro-B, pre-1014 

B cells), thymus (DN, DP, CD4
+
, CD8

+
 T cells) or spleen (mature B, CD4

+
 and CD8

+
 T cells). 1015 

The Wapl mRNA expression of the different cell types was determined by RT-qPCR analysis 1016 

relative to Tbp expression and is shown relative to that of pro-B cells (set to 1). The expression 1017 

data are shown as mean values with SEM, based on four RT-qPCR experiments per cell type. b, 1018 

Wapl protein expression in ex vivo sorted Rag2
–/–

 pro-B cells from the bone marrow and wild-1019 
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type mature B cells from the spleen and lymph nodes, as determined by immunoblotting of 3-1020 

fold serially diluted whole-cell extracts with antibodies detecting Wapl or TBP. One of two 1021 

experiments is shown with marker proteins (kilodaltons). c, B cell development in the bone 1022 

marrow of Smc3-Gfp transgenic (green) and wild-type (black) mice, as determined by flow 1023 

cytometry. The relative frequencies of the indicated cell types are shown as mean values with 1024 

SEM (left). GFP expression in selected cell types is shown (right). d, Interaction of the Smc3-1025 

GFP protein with other cohesin subunits in short-term cultured Smc3-Gfp pro-B cells. 1026 

Endogenous Smc1, Scc1 (Rad21), Wapl, Pds5a and Pds5b proteins were co-precipitated with 1027 

Smc3-GFP from whole-cell extracts of Smc3-Gfp or wild-type pro-B cells with an anti-GFP 1028 

antibody. The input (1/10) and protein precipitate were analysed by immunoblotting with 1029 

antibodies detecting the indicated cohesin proteins. Smc3ac, acetylated Smc3. One experiment 1030 

was performed. e, Images of one of 16 or 24 iFRAP experiments performed with Smc3-Gfp pro-1031 

B or mature B cells, respectively. The fluorescence intensities of SiR-Hoechst (pink) and GFP 1032 

(green) are false-coloured. Scale bar, 10 μm. f, Identification of open chromatin regions at the 1033 

Wapl locus by ATAC-seq of the indicated progenitor and B cell types. MPPs, ALPs, pro-B and 1034 

mature B cells were sorted from wild-type bone marrow or lymph nodes (mature B). Activated B 1035 

cells and plasmablasts were generated by in vitro LPS stimulation of mature B cells. hCD2
–
 1036 

(Pax5
–
) and hCD2

+
 (Pax5

+
) BLPs were sorted from bone marrow of Pax5

ihCd2/ihCd2
 mice, and 1037 

Pax5
∆/∆

 progenitors from Vav-Cre Pax5
fl/fl

 Rag2
–/–

 mice. n, number of mice. Each dot 1038 

corresponds to one mouse (a,c). The different cell types are defined in Methods. 1039 

 1040 

Extended Data Fig. 6 | Generation and analysis of Wapl mutant mice. a, Mutations 1041 

introduced at the Pax5-binding sites P1 and P2 in the Wapl
∆P1,2

, Wapl
∆P1

 and Wapl
∆P2

 alleles 1042 

by CRISPR/Cas9-mediated mutagenesis. The consensus Pax5 motif and the extent of the 1043 
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deletions (red) are indicated. b, Loss of Pax5 binding at the mutated P1 site in Wapl
∆P1/∆P1

 pro-1044 

B cells. One of two ChIP-seq experiments is shown. c. Wapl mRNA expression in short-term 1045 

cultured Wapl
∆P1,2/∆P1,2

 and Wapl
+/+

 pro-B cells is shown as mean TPM value with SEM. n, 1046 

number of RNA-seq experiments. d, Wapl protein expression in short-term cultured 1047 

Wapl
∆P1,2/∆P1,2

 Rag2
–/–

 and Wapl
+/+

 Rag2
–/–

 pro-B cells was determined by immunoblotting 1048 

of 2-fold serially diluted whole-cell extracts with antibodies detecting Wapl or TBP. One of two 1049 

experiments is shown with marker proteins (kilodaltons). e, Wapl mRNA expression in ex vivo 1050 

sorted Wapl
∆P1,2/∆P1,2

 (blue), Wapl
∆P1,2/+

 (light blue) and Wapl
+/+

 (black) pro-B and pre-B 1051 

cells, Pax5
∆/∆ progenitors (green; Vav-Cre Pax5

fl/fl
) as well as Wapl

∆P1,2/∆P1,2
 and Wapl

+/+
 T 1052 

cell subsets from the thymus and spleen, as determined by RT-qPCR analysis relative to Tbp 1053 

expression. The Wapl expression of each cell type is indicated relative to that of the Wapl
+/+ 1054 

cells (set to 1) and is shown as mean value with SEM, based on 2-4 independent RT-qPCR 1055 

experiments for each cell type and genotype. Each dot (c,e) corresponds to one mouse. The 1056 

different cell types are defined in Methods. 1057 

 1058 

Extended Data Fig. 7 | B cell development in Wapl mutant mice. a,b, Wapl expression in ex 1059 

vivo sorted Wapl
∆P1/∆P1

 (blue), Wapl
∆P1/+

 (light blue) and Wapl
+/+

 (black) pro-B and pre-B 1060 

cells (a) as well as in Wapl
∆P2/∆P2

 (blue) and Wapl
+/+

 (black) pro-B cells (b), as determined by 1061 

RT-qPCR analysis relative to Tbp expression. The Wapl expression of each cell type is shown as 1062 

mean value with SEM relative to that of Wapl
+/+ cells (set to 1). Each dot corresponds to one 1063 

RT-qPCR experiment performed with sorted cells from one mouse. c,d, Flow cytometric 1064 

analysis of bone marrow from Wapl
∆P2/∆P2

 (blue), Wapl
∆P2/+

 (light blue) and Wapl
+/+

 (black) 1065 
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mice (c). The frequencies of the indicated cell types are shown as mean values with SEM (d). e, 1066 

Flow cytometric analysis of bone marrow from Cd79a
Cre/+

 Wapl
fl/fl

 and Cd79a
Cre/+

 Wapl
+/+

 1067 

mice. f,g, Frequencies of total B, pro-B and pre-B cells are shown for Cd79a
Cre/+

 Wapl
fl/fl

, 1068 

Cd79a
Cre/+

 Wapl
fl/+

 and control mice (f) as well as for Rag1
Cre/+

 Wapl
fl/fl

, Rag1
Cre/+

 Wapl
fl/+

 1069 

and control mice (g). The control mice in (f) were 3× Cd79a
Cre/+

 Wapl
+/+

 and 5× Wapl
fl/+

 mice, 1070 

and the control mice in (g) were 2× Rag1
Cre/+ 

Wapl
+/+

, 2× Wapl
fl/fl

, 1× Wapl
fl/+

 and 1× 1071 

Wapl
+/+

. Statistical data (a,b,d,f,g) are shown as mean values with SEM and were analysed by 1072 

multiple t-tests (unpaired and two-tailed with Holm-Sidak correction). One of 5 (c) or 4 (e) 1073 

experiments is shown. n, number of mice. Each dot corresponds to one mouse. 1074 

 1075 

Extended Data Fig. 8 | VH-DJH recombination and looping in Wapl mutant mice.  1076 

a, VDJ-seq analysis of Igh rearrangements in Wapl
∆P1,2/∆P1,2

, Wapl
∆P1,2/+

, Wapl
∆P1/∆P1

, 1077 

Wapl
∆P2/∆P2

 and Wapl
+/+

 pro-B cells as well as in Pax5
∆/∆

 progenitors (Vav-Cre Pax5
fl/fl

), 1078 

which were performed in 4 different experimental series. The percentages of uniquely identified 1079 

DJH and VDJH sequences are shown as mean values with SEM and were analysed by multiple t-1080 

tests (unpaired and two-tailed with Holm-Sidak correction). b, VH gene recombination in 1081 

Wapl
+/+

 and mutant pro-B-cells, as determined by pairwise VDJ-seq experiments. The VDJ-seq 1082 

data of Wapl
+/+

 and mutant pro-B-cells are shown in the upper and lower part, respectively. The 1083 

VH gene usage is shown as mean percentage of all DJH and VDJH rearrangement events with 1084 

SEM. c, Wapl mRNA expression in in vitro cultured v-Abl transformed pro-B cells of the wild-1085 

type (light grey) or Rag2
–/–

 (grey) genotype as well as in ex vivo sorted Wapl
∆P1,2/∆P1,2

 (blue) 1086 
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and wild-type Wapl
+/+

 (black) pro-B cells. The Wapl expression was determined by RT-qPCR 1087 

analysis relative to the Tbp expression and is shown a mean value relative to that of the Wapl
+/+

 1088 

pro-B cells (set to 1). d, 3C-seq analysis of interactions across the Igh locus from the 5’ 1089 

viewpoints (VH1-83/81) in short-term cultured Wapl
∆P1,2/∆P1,2

 Rag2
–/–

 and Wapl
+/+

 Rag2
–/–

 1090 

pro-B cells. The 3C-seq reads are mapped as normalized counts. One of two experiments is 1091 

show. n, number of experiments. Each dot corresponds to one mouse. 1092 

 1093 

Extended Data Fig. 9 | Generation and analysis of conditional Eed mutant mice. 1094 

a, Generation of a floxed (fl) Eed
 
allele. The Eed

fl-Neo
 allele was generated by replacing exon 6 1095 

of the Eed gene with the following sequences in the 5’ to 3’ direction: (i) a loxP-flanked Eed 1096 

cDNA fragment (from exon 6 to the 5’ part of the 3’UTR) linked to six copies of the SV40 1097 

polyadenylation (pA) region, (ii) a DNA fragment containing the 3’ splice site and 5’ sequences 1098 

of exon 6 fused in-frame to the coding sequence of Gfp followed by an SV40 pA sequence and 1099 

(iii) a frt-flanked DNA fragment containing the mouse phosphoglycerate kinase 1 (Pgk1) 1100 

promoter linked to the neomycin (Neo) resistance gene. Brackets indicate the two homology 1101 

regions used for ES cell recombination. The frt (blue) and loxP (red) sites (arrowheads) of the 1102 

Eed
fl-Neo

 allele were used to generate the Eed
fl

 and Eed
∆

 alleles by sequential Flpe- and Cre-1103 

mediated deletion in vivo. The six SV40 pA sequences downstream of the last Eed exon 1104 

prevented RNA splicing to the Gfp exon prior to Cre-mediated deletion, as demonstrated by flow 1105 

cytometry (e, right). A genotyping gel image of Eed
+/+

, Eed
fl/+

, and Eed
fl/fl

 mice is shown to the 1106 

right. b, Selective loss of H3K27me3 at the Wapl promoter in Wapl
∆P1/∆P1

 pro-B cells (light 1107 

blue) compared to Wapl
+/+

 pro-B cells (black). The H3K27me3 signal is precipitously lost 220 1108 

bp upstream of the P1 site. One of two ChIP-seq experiments are shown. c, Loss of Ezh2 and 1109 
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Pax5 binding at the Wapl promoter in mature B cells after two days of activation. d, Co-1110 

precipitation of Myc-tagged Ezh2 or IRF4 by streptavidin (SA) pulldown of biotinylated Pax5-1111 

Bio from nuclear extracts prepared from HEK-293T cells that were transiently transfected with 1112 

expression vectors encoding Pax5-Bio-IRES-BirA, Myc-Ezh2, Eed and Suz12 or Pax5-Bio-1113 

IRES-BirA and Myc-IRF4. The input (1/100) and protein precipitates were analysed by 1114 

immunoblotting with antibodies detecting Myc and Pax5. The band indicated by an asterisk may 1115 

correspond to endogenous Myc. One of four experiments is shown with marker proteins 1116 

(kilodaltons). e, Flow cytometric analysis of bone marrow from Rag1
Cre/+

 Eed
fl/fl

 (blue) and 1117 

control (black) mice. Rag1
Cre/+

 Eed
fl/+

, Rag1
Cre/+

, Eed
fl/+

 and Eed
+/+

 mice were used as 1118 

control. The relative frequencies of the indicated cell types (left), which were determined in six 1119 

experiments, are shown as mean values with SEM and were analysed by multiple t-tests 1120 

(unpaired and two-tailed with Holm-Sidak correction). GFP expression (right) is shown for 1121 

Rag1
Cre/+

 Eed
fl/fl

 pro-B cells in contrast to control Eed
fl/+

 pro-B cells. f, Scatterplot of gene 1122 

expression differences between Eed-deficient and control pro-B cells. Eed-activated (blue) and 1123 

Eed-repressed (red) genes were defined by an expression difference of > 3-fold, an adjusted P 1124 

value of < 0.05 and a TPM value of > 5 in Eed-deficient or control pro-B cells, respectively 1125 

(Supplementary Table 2). The expression data are based on 5 (Rag1
Cre/+

 Eed
fl/fl

) and 4 (control; 1126 

3× Rag1
Cre/+

 Eed
fl/+

, 1× Eed
fl/fl

) RNA-seq experiments. g, Functional classification and 1127 

quantification of the proteins encoded by Eed-activated and Eed-repressed genes (Supplementary 1128 

Table 2). The bar size indicates the percentage of activated or repressed genes in each functional 1129 

class relative to the total activated or repressed genes, respectively. Numbers in the bars refer to 1130 

the genes in each functional class. h, Expression of selected genes in Eed-deficient (grey) and 1131 

Eed-expressing (black) pro-B cells. The expression of the indicated genes, which are not 1132 

differentially expressed according to the definition in f, is shown as mean TPM value with SEM. 1133 
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i,j, VDJ-seq analysis of Rag1
Cre/+

 Eed
fl/fl

 and control pro-B cells. i, The mean percentages of 1134 

uniquely identified DJH and VDJH sequences were determined based on 4 (Rag1
Cre/+

 Eed
fl/fl

) 1135 

and 2 (control; 1× Eed
fl/+

, 1× Eed
+/+

) experiments. j, The VH gene usage is shown as mean 1136 

percentage of all VDJH rearrangement events with SEM. n, number of experiments. Each dot 1137 

corresponds to one mouse (e,h,i) or one gene (f).  1138 

 1139 

Extended Data Fig. 10 | Changes of chromosomal architecture and gene expression in 1140 

Wapl+/+
 and Wapl∆P1,2/∆P1,2

 pro-B cells. a, iFRAP analysis of splenic mature B cells from 1141 

Wapl
∆P1,2/+

 (blue) and Wapl
+/+

 (pink) mice carrying the Smc3-Gfp transgene. The difference in 1142 

fluorescence intensity between bleached and unbleached regions is plotted against time. The 1143 

mean values are indicated by lines and the SD by shading. n, number of cells analysed in three 1144 

experiments per genotype. b, Frequency distribution of intra-chromosomal contacts as a function 1145 

of the genomic distance using logarithmically increased genomic distance bins, as determined by 1146 

Homer analysis of Hi-C data generated with short-term cultured pro-B cells (grey) and ex vivo 1147 

sorted splenic mature B cells (pink) from wild-type mice. c, Hi-C contact matrices of a zoomed-1148 

in region on chromosome 12 (mm9: 72,500,000-78,500,000; upper row) and 16 (21,500,000-1149 

28,500,000; lower row), displayed at a 10-kb bin resolution for Pax5
∆/∆

 progenitors, Wapl
+/+

 1150 

and Wapl
∆P1,2/∆P1,2

 pro-B cells. Black dots indicate loop anchors identified with Juicebox, and 1151 

the intensity of each pixel represents the normalized number of contacts between a pair of loci 1152 

(Durand et al. 2016. Cell Syst. 3, 95-98). The maximum intensity is indicated in the lower left of 1153 

each panel. d, Density distribution of the loop length in Pax5
∆/∆

 progenitors, Wapl
+/+

 and 1154 

Wapl
∆P1,2/∆P1,2

 pro-B cells, as determined with HiCCUPS of Juicer. The median loop length (in 1155 
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kb) is shown for each genotype. e, Scatterplot of gene expression differences, based on two 1156 

RNA-seq experiments per genotype. Genes upregulated (red) or downregulated (blue) in 1157 

Wapl
∆P1,2/∆P1,2

 pro-B cell compared to Wapl
+/+

 pro-B cells were defined by an expression 1158 

difference of > 2-fold, an adjusted P value of < 0.05 and a TPM value of > 5 in at least one of the 1159 

two pro-B cell types (Supplementary Table 3). f, Functional classification and quantification of 1160 

the proteins encoded by up-regulated (red) and down-regulated (blue) genes in Wapl
∆P1,2/∆P1,2

 1161 

pro-B cells relative to Wapl
+/+

 pro-B cells (Supplementary Table 3). See Extended Data Fig. 9g 1162 

for detailed explanation. g, Expression of selected genes in Wapl
∆P1,2/∆P1,2

 (grey) and Wapl
+/+

 1163 

(black) pro-B cells. The expression of the indicated genes, which are not differentially expressed 1164 

according to the definition in e, is shown as mean TPM value. h, Schematic diagram depicting a 1165 

‘stable’ loop formed by loop extrusion across the entire Igh locus in pro-B cells. The forward 1166 

CBEs (in the VH gene cluster and IGCR region) and the reverse CBEs (in the IGCR and 3’CBE 1167 

regions) are indicated by red and blue arrows, respectively. The RAG-bound recombination 1168 

centre, which is located at the DJH-rearranged gene segment (Ji et al. 2010. Cell 141, 419-431), 1169 

is indicated in grey. The convergent orientation of the 12-RSS (recognition signal sequence with 1170 

a 12-bp spacer, black arrowhead) of the DH segment and the 23-RSS (with a 23-bp spacer, green 1171 

arrowhead) of the VH genes is essential for mediating RAG-cleavage and deletional joining (Alt 1172 

et al. 2013. Cell 152, 417-429). The loop-extruding cohesin ring (orange) is arrested at 1173 

convergent CBEs. In a ‘stable’ loop, the correct alignment of the RSS elements of a VH gene and 1174 

the DJH-rearranged gene segment likely occurs by local diffusion. Arrowheads symbolize the 1175 

RSS element consisting of the heptamer, nonamer and intervening spacer. i, Correct alignment of 1176 

the RSS elements of a VH gene and the DJH-rearranged gene segment may be mediated by the 1177 

ongoing process of loop extrusion. Orange and black arrows indicate the direction of movement 1178 

of cohesin and DNA, respectively. j, Misalignment of the RSS elements of an inverted VH gene 1179 
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and the DJH-rearranged gene segment during loop extrusion, which prevents RAG-mediated 1180 

cleavage. 1181 



Figure 1 (Hill et al.)
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Figure 2 (Hill et al.)
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Figure 3 (Hill et al.)
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a

Figure 4 (Hill et al.)
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Figure 5 (Hill et al.)
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