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Abstract

Antigen receptor loci are organized into variable (V), diversity (D) and joining (J) gene segments 

that rearrange to generate antigen receptor repertoires. Here, we identified an enhancer (E34) 

in the murine immunoglobulin kappa (Igk) locus that instructed rearrangement of Vκ genes 

located in a sub-topologically associating domain, including a Vκ gene encoding for antibodies 
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targeting bacterial phosphorylcholine. We show that E34 instructs the nuclear repositioning of 

the E34 sub-topologically associating domain from a recombination-repressive compartment 

to a recombination-permissive compartment that is marked by equivalent activating histone 

modifications. Finally, we found that E34-instructed Vκ-Jκ rearrangement was essential to combat 

Streptococcus pneumoniae but not methicillin-resistant Staphylococcus aureus or influenza 

infections. We propose that the merging of Vκ genes with Jκ elements is instructed by one-

dimensional epigenetic information imposed by enhancers across Vκ and Jκ genomic regions. 

The data also reveal how enhancers generate distinct antibody repertoires that provide protection 

against lethal bacterial infection.

B cells generate diverse antibody repertoires through somatic recombination of distinct gene 

segments. Antibodies are encoded by the immunoglobulin heavy chain (Igh) locus, and by 

the immunoglobulin kappa (Igk) or the immunoglobulin lambda (Igl) loci. The Igh locus 

is segregated into variable (V), diversity (D), joining (J) and constant (C) regions. The Igk 

and Igl loci are composed of V, J and C regions. Igh and Igl locus recombination occurs 

by deletion, while Igk rearrangement is mediated by deletion or inversion1. Immunoglobulin 

loci rearrangement is mediated by the Recombination-Activating gene 1 (Rag1) and Rag2 

enzymes which cleave recombination signal sequences (RSSs) flanking the V, D and J gene 

segments1. During B cell development, rearrangement is mostly sequential. At the pro-B cell 

stage, DH-JH rearrangement precedes that of VH-DHJH joining. Pro-B cells that undergo Vκ 
gene rearrangement largely give rise to B1a cells, but the majority of Vκ-Jκ rearrangement is 

initiated at the pre-B cell stage2,3. If Vκ-Jκ rearrangement is nonproductive or auto-reactive, 

Vκ regions continue to recombine until a functional non-self-reactive Vκ-Jκ gene product is 

generated or proceeds to generate Vλ-Jλ joints4.

Topologically associating domains (TADs) are a primary mode for higher-order chromatin 

structure5,6. TADs are evolutionarily conserved genomic regions with high internal versus 

external chromatin interaction frequencies. TADs tend to contain co-regulated loci7. 

Within TADs, smaller domains with similar interaction patterns, named sub-topologically 

associating domains (subTADs), are often present, which tend to be cell-type specific8,9. 

TADs and subTADs are formed by cohesin-dependent loop extrusion initiated across the 

chromatin landscape and are typically, but not always, demarcated by convergent CTCF-

bound sites10–18. The Igh locus is organized as clusters of chromatin loops anchored by 

CTCF19–21. In the Igh locus, loop extrusion contributes to VH-DHJH rearrangement by a 

process that involves Rag-mediated scanning initiated at DHJH joints followed by a search 

for compatible RSSs22–28.

Igk locus assembly is regulated by regulatory elements, including an enhancer (iEκ) located 

between the J and C regions, an enhancer (3′Eκ) positioned downstream of the C region 

and an enhancer (E88) that shapes the composition of the Vκ gene repertoire29–33. The 

Igk locus is assembled into clusters of chromatin loops anchored by CTCF32,34. In the 

Vκ-gene region, some of these chromatin loops can be classified as subTADs32,34. Two 

additional structural CTCF binding elements, named CER and SIS, separate the Vκ from 

the Jκ regions35–37. The CER and SIS elements restrict proximal Vκ-Jκ joining but facilitate 

distal Vκ rearrangements35–37. The SIS element is also involved in targeting the Igk alleles 
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to the pericentromeric heterochromatin. During the transition from the lymphoid progenitors 

to the pre-B cell stage, the Igk locus undergoes large-scale alterations in epigenetic marks, 

transcriptional profiles and chromatin folding, including the assembly of de novo CTCF-

mediated loops32,34,38,39.

Multiple mechanisms, including RSS quality, epigenetic environment, transcription 

factor binding, Rag-scanning and genome topology, dictate antigen receptor locus 

rearrangement20,22–24,28,32,38,40,41. However, it remains to be determined whether genome 

locus topology shapes antigen receptor repertoires in a manner that allows the host to 

target specific pathogen structures. To explore that possibility, we focused on a specific 

antibody named EO6/T15 that targets phosphorylcholine in bacterial phospholipids42–45. 

We identified an enhancer, named E34, located within close genomic proximity of the Vκ 
gene utilized in the EO6/T15 antibody. We generated E34-deficient (E34Δ) mice and found 

that the E34 enhancer instructed the assembly of an antibody repertoire directed against 

bacterial phosphorylcholine. We found that E34 prompted the deposition of active chromatin 

histone marks to reposition the E34 subTAD away from a recombination-repressive to a 

recombination-permissive compartment to promote intermingle with other Vκ genes and Jκ 
elements. E34-instructed alterations in nuclear location promoted chromatin accessibility 

at RSSs at Vκ genes that span the E34 subTAD. E34 promoted the deposition of 

enhancer-associated histone marks and CTCF binding across the E34 subTAD to facilitate 

chromatin interaction between the Vκ and Jκ genes. Finally, we found that E34-instructed 

Vκ-Jκ rearrangement provided protection against lethal Streptococcus pneumoniae infection. 

Conversely, the E34 enhancer did not prevent lethality when infected with methicillin-

resistant Staphylococcus aureus (MRSA) or exposure to a lethal dose of influenza virus. 

Taken together, these data reveal how enhancer-instructed epigenetic reprogramming and 

nuclear repositioning physically pull Vκ and Jκ elements into close physical proximity to 

promote the generation of antibody repertoires that protect against lethal bacterial infection.

Results

An enhancer that instructs Igkv7–33 gene rearrangement

It is now established that nuclear architecture orchestrates antigen receptor locus 

rearrangement. However, whether and how genome locus topology shapes the Vκ gene 

repertoire to target specific pathogen structures remains to be determined. To explore this 

question, we examined the Igk locus for enhancers located nearby Igkv7–33. Igkv7–33 
encodes for a light chain utilized in the EO6/T15 antibody that targets phosphorylcholine in 

bacterial phospholipids42–45. Specifically, we searched for sites enriched for H3K4me1 and 

H3K27Ac deposition nearby to Igkv7–33. As a result, we identified a potential enhancer, 

named E34, located in the vicinity of Igkv7–33 (Extended Fig. 1a,b). We found that E34 was 

associated with B-cell-specific enhancer-associated transcription factors such as E2A, EBF1, 

IRF4, PU.1 and Pax5, as well as with histone acetyltransferases (p300), chromatin remodeler 

complexes (Brg1) and coactivators (Mediator) (Extended Data Fig. 1b,c)46–48.

To determine whether E34 plays a role in Vκ-Jκ rearrangement, we generated E34Δ mice 

using CRISPR–Cas9-mediated genome editing (Extended Data Fig. 1b). Multiple mice were 

generated that carried predicted excisions (Extended Data Fig. 1d). Bone marrow cells 
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derived from wild-type (WT) and E34Δ mice were collected and stained for the expression 

of CD19, CD93, CD2, CD43 and IgM. E34Δ mice exhibited normal ratios of pro-B, large 

and small pre-B, immature B and recirculating B cells (Extended Data Fig. 2a). Likewise, 

B2, B1a and B1b B cell compartments in the peritoneal cavity were not affected in E34Δ 

mice (Extended Data Fig. 2b). Splenocytes in E34Δ mice showed normal follicular (Fo-B), 

marginal zone B (MZ-B) and transitional B (Tr-B) cell compartments (Extended Data Fig. 

2c). B cell cellularity was also not affected in the bone marrow, spleen and peritoneal 

cavity derived from E34Δ mice (Extended Data Fig. 2d–f). Thus, deletion of E34 does not 

modulate B cell development.

To determine whether E34 regulates Vκ-Jκ rearrangement, we sorted pro-B and small 

pre-B cells from the bone marrow and B1a and B1b B cells from the peritoneal cavity. 

DNA and RNA libraries were generated from pre-B cells, while RNA libraries were 

generated for pro-B, B1a and B1b B cells. Libraries were sequenced and analyzed for 

Vκ-Jκ rearrangements. We found that the Vκ repertoire was affected in pre-B cells derived 

from E34Δ mice compared with WT mice (Fig. 1a,b). Likewise, in pro-B, B1a and B1b B 

cells, Vκ rearrangements involving the Igkv7–33 gene were also impacted by deletion of the 

E34 enhancer (Fig. 1c and Extended Data Fig. 3a,b). E34 excision predominantly perturbed 

rearrangements involving nearby-located Vκ genes (Fig. 1a,b and Extended Data Fig. 3a,b). 

Vκ genes located beyond the affected Vκ region displayed a marginal increase in Vκ-Jκ 
rearrangement (Fig. 1a,b and Extended Data Fig. 3a,b). In sum, these data indicate that the 

E34 enhancer regulates the rearrangement of neighboring Vκ genes, including Igkv7–33.

The E34 enhancer instructs Igkv7–33-related Vκ rearrangement

Vκ genes can be categorized by genetically related families49. To determine whether the 

reduction in Vκ-Jκ rearrangement in E34Δ mice correlates with Vκ family gene relatedness, 

we analyzed fold changes in Vκ gene rearrangement in pre-B cells isolated from WT 

and E34Δ mice (Fig. 1d). We found that E34 deletion affected Igk locus rearrangements 

involving Igkv3 (10 Vκ genes), Igkv6 (9 Vκ genes), Igkv7 (1 Vκ gene), Igkv8 (11 Vκ genes) 

and Igkv18 (1 Vκ gene) families. Next, we generated a phylogenetic tree for functional Vκ 
genes (Fig. 1e). Three of the most significantly affected families, Igkv6, Igkv7 and Igkv8, 

were closely related. The level of reduced rearrangement among these Vκ families was 

distinct and correlated with genomic separation from E34 (Fig. 1f). Since the Igkv6, Igkv7 

and Igkv8 gene families were closely related, we compared the reduction of rearrangement 

for all Vκ genes in these families with other Vκ genes that displayed reduced or elevated 

levels of rearrangement. We found that deletion of E34 distinctively affected rearrangement 

involving Igkv7–33-related Vκ genes which are located in the vicinity of E34 (Fig. 1g). 

Taken together, these data indicate that E34 preferentially instructs Vκ-Jκ rearrangement 

involving Igkv7–33-related Vκ gene families.

E34 instructs a distinct pattern of chromatin folding

To determine how E34 instructs Vκ-Jκ rearrangement, we generated WT and E34Δ mice that 

carried the Igk locus in a RAG-deficient background. WT-Rag1−/− and E34Δ-Rag1−/− mice 

were crossed with mice that expressed a human IgM transgene (hIgM), generating mice 

which in pre-B cells carry the Igk locus in a germline configuration50. CD19-expressing 
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cells from the bone marrow, consisting of >95% pre-B cells, isolated from WT-Rag1−/

−.hIgM and E34Δ-Rag1−/−.hIgM mice were formaldehyde-fixed and analyzed using high-

throughput chromosome-conformation capture (HiC). HiC is a method often used to map 

higher-order chromatin structure and nuclear architecture51. We identified >500 million 

paired-end reads, yielding highly reproducible biological replicates for WT-Rag1−/−.hIgM 

and E34Δ-Rag1−/−.hIgM pre-B cells (Extended Data Fig. 4a and Supplementary Table 

1). Chromatin interaction frequencies, when plotted as a function of genomic distance, 

scaled similarly for WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells (Extended Data 

Fig. 4b). Likewise, pre-B cells isolated from WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM 

mice showed similar interaction plaid-like patterns (Extended Data Fig. 4c,d). However, 

differences in chromatin interaction frequencies became evident upon visualizing the data 

as differential contact maps (Fig. 2a, dashed rectangle). Zooming-in on the Igk locus, we 

found that contact frequencies involving genomic regions nearby E34 and Jκ elements, the 

CER and SIS elements, and iEκ and 3′Eκ enhancers, hereafter collectively referred to as 

the IgκRR, differed (red versus blue gradient) between WT-Rag1−/−.hIgM and E34Δ-Rag1−/

−.hIgM pre-B cells (Fig. 2b,c, dashed square, and Extended Data Fig. 4e,f). Taken together, 

the E34 enhancer instructs distinct patterns of chromatin folding across the Igk locus.

E34 assembles boundary elements that define the E34 subTAD

Previous studies, as well as the data described above, suggest that the Igk locus is assembled 

into multiple subTADs (Fig. 2b and Extended Data Fig. 4e)32,34,52. To verify the presence 

of subTADs in statistical terms, we calculated the insulation score (IS) as well as the 

directionality index (DI) across the Igk locus5,14,53. The IS measures the strength of each 

genomic locus to block or insulate local interactions across the region, revealing the 

presence of TAD boundaries. The DI measures the bias in contact frequencies upstream 

and downstream of a genomic region identifying TAD boundaries. Both IS and DI, when 

measured stepwise across the Igk locus, revealed the presence of boundary elements that 

defined four subTADs in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−. hIgM pre-B cells (Fig. 

2d). We found that reversals in IS and DI correlated well with enrichment for CTCF and 

Rad21 occupancy, consistent with the associated genomic regions functioning as boundary 

elements (Fig. 2d)5,14,53. Notably, however, the IS and DI analysis revealed changes in 

subTAD boundaries between the subTAD containing the E34 enhancer (E34 subTAD) and 

the upstream subTAD in WT-Rag1−/−. hIgM versus E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 

2d, gray versus red dashed lines, black arrow versus red arrow). Taken together, these data 

indicate that the E34 enhancer instructs de novo boundary elements that define the E34 

subTAD.

E34 drives interactions linking the E34 subTAD and the IgκRR

To evaluate the significant changes in chromatin interactions between WT-Rag1−/−.hIgM 

and E34Δ-Rag1−/−.hIgM pre-B cells, we used three different methods. First, we used 

FitHiC2 to identify significant chromatin interactions54. We found that significant chromatin 

interactions involving a large genomic region nearby the E34 enhancer and the IgκRR 

were depleted in E34Δ-Rag1−/−.hIgM pre-B cells versus WT-Rag1−/−. hIgM pre-B cells 

(Fig. 3a,b, black versus blue arrows). To determine whether these chromatin interactions 

were associated with architectural anchors or enhancer-associated epigenetic marks, we 
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plotted CTCF, Rad21, H3K4me1 and H3K27Ac chromatin immunoprecipitation sequencing 

reads. We found that genomic regions depleted for chromatin interactions in E34Δ-Rag1−/

−.hIgM pre-B cells were associated with CTCF, Rad21, H3K4me1 and H3K27Ac occupancy 

(Fig. 3a,b, blue highlights). Second, we applied EdgeR to identify differential chromatin 

interactions at 50-kilobase (kb) resolution55. We found that chromatin interactions linking 

the E34 subTAD with the IgκRR and a subTAD located immediately upstream were 

significantly weakened in pre-B cells derived from E34Δ-Rag1−/−.hIgM mice (Fig. 3c). 

Additionally, we found that the E34 subTAD also showed reduced internal interaction 

frequencies (Fig. 3c). Third, we used FIRE (Frequently Interacting Regions) scores to 

compare local chromatin interactions across the Igk locus56. We found that a genomic region 

in the vicinity of the E34 enhancer showed strikingly different FIRE scores for E34Δ-Rag1−/

−. hIgM pre-B cells versus WT-Rag1−/−.hIgM pre-B cells (Fig. 3c). Of note, FitHiC2 

analysis also revealed significant interactions involving CTCF binding sites, confirming the 

boundary element of the E34 subTAD in WT-Rag1−/−.hIgM pre-B cells (Fig. 3b, brown 

highlight). The analysis also revealed shifting of a boundary element segregating the E34 

subTAD from flanking genomic regions in E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 3b, green 

highlight). To determine how changes in subTAD boundaries relate to rearrangement, we 

calculated Vκ-Jκ rearrangement frequencies for Vκ genes located across the E34 subTAD 

versus subTADs located upstream. We found a strong correlation between E34-instructed 

Vκ-Jκ rearrangement frequencies and positioning within or outside the E34 subTAD 

(Extended Data Fig. 4g). Collectively, these data indicate that the E34 enhancer instructs 

remote genomic interactions involving the E34 subTAD and the IgκRR.

E34 instructs chromatin interactions across the Igk locus

The chromatin interaction analysis (EdgeR) indicated that interactions towards the E34 

subTAD were significantly reduced in E34Δ-Rag1−/−. hIgM pre-B cells. A HiC contact 

matrix at 50-kb resolution confirmed that chromatin interactions involving the E34 subTAD 

and Vκ subTADs dispersed across the rest of the Igk locus were substantially depleted in 

E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 4a, black rectangle). To determine in greater detail 

how the E34 enhancer orchestrates remote chromatin interactions across the Igk locus, 

we normalized HiC data using the Knight–Ruiz (KR) algorithm, to remove systematic 

biases, including DNA fragment length, GC content and DNA sequence mappability, to 

generate virtual 4C plots using the E34 enhancer as a viewpoint57. We found that chromatin 

interactions involving the E34 enhancer region and genomic regions that span most of 

the Vκ region were depleted in E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 4b; E34 viewpoint). 

Likewise, chromatin interactions involving the E34 enhancer and the IgκRR were reduced 

in E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 4b; E34 viewpoint). As expected, using the IgκRR 

as a viewpoint, we observed a decline in contact frequencies across the E34 subTAD in 

E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 4b). We found, using an anchor in the Vκ subTAD 

located immediately upstream of the E34 subTAD, that in E34Δ-Rag1−/−.hIgM pre-B cells 

chromatin interactions were depleted for a genomic region that spanned the E34 subTAD, 

consistent with a decline in IS (increased insulation) (Figs. 4b and 2d). Finally, we found 

that the relative decline in contact frequencies for paired E34 subTAD-IgκRR chromatin 

interactions correlated well with changes in Vκ-Jκ rearrangement frequencies (Fig. 4c). 

Zooming onto significant interaction frequencies depleted in E34Δ-Rag1−/−.hIgM pre-B 
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cells, revealed by FitHiC2, indicated that these interactions involve the CER element 

(Extended Data Fig. 5a, blue rectangle). Chromatin interactions emanating from the iEκ 
and the Jκ elements were depleted as well in E34Δ-Rag1−/−.hIgM pre-B cells (Extended 

Data Fig. 5a, black rectangle). To determine how E34 instructs interactions involving the 

iEκ enhancer and the CER element, we generated virtual 4C plots from KR-normalized 

data at 10-kb resolution (Extended Data Fig. 5b). We found that chromatin interactions 

involving the iEκ and the CER element were differentially affected in E34Δ-Rag1−/−.hIgM 

versus WT-Rag1−/−.hIgM mice pre-B cells. In sum, these data indicate that the E34 enhancer 

enriches for chromatin interactions between the E34 subTAD with structural (Vκ subTADs 

and CER) and coding/regulatory (IgκRR) elements.

E34 repositions the E34 subTAD away from heterochromatin

To determine whether the E34 enhancer modulates E34 subTAD euchromatic versus 

heterochromatic compartmentalization, we performed a principal component (PC) analysis 

across the Igk locus58. We found reduced PC1 scores across the E34 subTAD in pre-B 

cells derived from E34Δ-Rag1−/−.hIgM mice when compared with pre-B cells isolated 

from WT-Rag1−/−.hIgM mice (Fig. 4d). The change in PC1 values across the E34 subTAD 

raised the possibility that loss of the E34 enhancer instructed interactions with genomic 

regions positioned in a segregated environment. As a first approach to test this possibility, 

we quantified the degree of compartment segregation across the Igk locus and flanking 

regions by plotting contact frequencies as saddle and violin plots17. We found a decline 

in compartmental segregation scores in E34Δ-Rag1−/−. hIgM pre-B cells when compared 

with WT-Rag1−/−.hIgM pre-B cells (Fig. 4e,f). To examine whether the E34 enhancer 

interferes with the repositioning of the E34 subTAD with putative heterochromatic regions 

adjacent to the Igk locus, we generated Pearson correlation matrices. We found that in 

E34Δ-Rag1−/−.hIgM pre-B cells, the E34 subTAD was associated with a heterochromatic 

region located upstream of the Igk locus, while the association with the remainder of the 

Vκ region was depleted (Fig. 4g, black and blue rectangles). In sum, these data indicate that 

the E34 enhancer segregates the E34 subTAD away from genomic regions associated with 

heterochromatin.

E34 instructs chromatin remodeling across the E34 subTAD

The aforementioned data indicate that E34 instructs the nuclear repositioning of the E34 

subTAD. To determine whether the E34-dictated relocation of the E34 subTAD away from 

a genomic region enriched for heterochromatin instructs changes in chromatin accessibility, 

we performed an assay for transposase-accessible chromatin using sequencing (ATAC-seq) 

analysis. We found that chromatin accessibility across the entire E34 subTAD was virtually 

abolished in E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 5a, red highlight, and Fig. 5c). To 

determine whether and how E34-instructed alterations in chromatin accessibility relate to 

changes in the deposition of epigenetic marks, we examined for changes in H3K27Ac and 

H3K4me1 abundance (Fig. 5b). As expected, we found that H3K27Ac occupancy at the E34 

enhancer was abolished in E34Δ-Rag1−/−.hIgM pre-B cells (Figs. 5b and 6a, green arrows). 

H3K4me1 abundance also declined across the entire E34 subTAD (Fig. 5b, beige highlight, 

and Figs. 5d and 6a). Likewise, H3K27me3 abundance within the E34 subTAD declined 

upon excision of the E34 enhancer (Fig. 5b, purple highlight, and Fig. 5f). Conversely, 
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H3K9me3 abundance was modestly increased (Fig. 5b, yellow highlight, and Fig. 5g). In 

sum, these data indicate that the E34 enhancer instructs chromatin accessibility as well as 

H3K27Ac and H3K4me1 abundance across the E34 subTAD.

E34 enhancer instructs transcription and CTCF occupancy

CTCF occupancy also was reduced across the E34 subTAD in pre-B cells derived from 

E34Δ-Rag1−/−.hIgM mice (Fig. 5b, green highlight, and Fig. 6a). Zooming-in to the E34 

subTAD 5′ region, where the impact of the E34 excision ceased, revealed a CTCF binding 

site located between Igkv5–43 and Igkv12–42 (Extended Data Fig. 6a, red rectangle). 

These findings are consistent with this CTCF site functioning as a 5′ boundary element of 

the E34 subTAD, validating the aforementioned analysis of boundary elements that span 

the Igk locus in E34Δ-Rag1−/−.hIgM cells (Fig. 2d). Noncoding transcription throughout 

the E34 subTAD was also ablated in E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 5b, blue 

arrows, Figs. 5e and 6a, and Extended Data Fig. 6b–d). The aforementioned analysis 

of chromatin interactions involving the IgκRR and the E34 subTAD showed that this 

subset of interactions was associated with CTCF occupancy and the deposition of enhancer-

associated epigenetic marks (Fig. 3b). Upon closer inspection, we found that depletion 

of these interactions correlated with a reduction in CTCF occupancy (red arrows) and 

enhancer-associated epigenetic marks (green arrows) in E34Δ-Rag1−/−.hIgM pre-B cells 

(Fig. 6a, blue highlights). Several CTCF-bound sites affected were in convergent orientation 

as compared with DNA sequences associated with CTCF-bound sites in the CER element, 

including a prominent CTCF binding site nearby the Igkv8–28 element (Fig. 6a–c). Taken 

together, these data indicate that the E34 enhancer promotes CTCF occupancy, noncoding 

transcription to facilitate interactions with CTCF-bound sites in the CER.

E34 instructs chromatin accessibility across the RSSs

Previous studies demonstrated that chromatin accessibility and H3K4me1 binding at the 

RSSs are closely associated with V-gene rearrangement fitness40,41,59–62. To evaluate 

how changes in the level of these epigenetic signatures at the RSSs affected Vκ gene 

rearrangement, we re-examined ATAC-seq and H3K4me1 reads. We found that reduced 

chromatin accessibility and H3K4me1 abundance at genomic regions spanning the Vκ gene 

RSSs was confined to the E34 subTAD in E34Δ-Rag1−/−.hIgM pre-B cells (Fig. 6d,e). 

The differential enrichment analysis also revealed that the reduction in Vκ rearrangement 

correlated with a decrease in chromatin accessibility and H3K4me1 abundance at the 

RSSs (Fig. 6f,g). The reduction in chromatin accessibility and H3K4me1 abundance was 

particularly prominent for the Igkv7–33 gene (Fig. 6h). In sum, these data indicate that the 

E34 enhancer controls chromatin accessibility at RSSs of nearby-located Vκ genes.

E34 repositions nearby Vκ genes

Recruitment of the antigen receptor loci to the pericentromeric heterochromatin is a 

hallmark of V(D)J recombination inactivation38. While pericentromeric heterochromatin 

is defined, at least in part, by the deposition of H3K9me3, facultative heterochromatin 

is enriched for H3K27me3. The data described above indicate that the E34 enhancer 

instructs the repositioning of the E34 subTAD from a heterochromatic environment to a 

recombination-permissive compartment. To determine whether the E34 subTAD is located 
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in constitutive versus facultative heterochromatin in E34Δ-Rag1−/−.hIgM pre-B cells, we 

combined HiC Pearson correlation matrices with enrichment for H3K9me3 and H3K27me3. 

We found that in the absence of the E34 enhancer, the E34 subTAD was markedly 

associated with a genomic region that was enriched for the deposition of H3K9me3 (Fig. 

7a, black dashed rectangles). Using KR-normalized HiC data, we found that chromatin 

interactions of the E34 subTAD in E34Δ-Rag1−/−.hIgM pre-B cells extended beyond the 

Igk locus and correlated with negative PC1 scores and the deposition of H3K9me3 but not 

with H3K27me3 (Fig. 7b–f). Rather, enrichment for H3K27me3 appeared to be inversely 

correlated (Fig. 7d and Extended Data Fig. 6e). Taken together, these data indicate that 

the E34 enhancer orchestrates the nuclear repositioning of the E34 subTAD away from the 

constitutive pericentromeric heterochromatin compartment to a recombination-permissive 

environment.

E34 instructs a distinct anti-bacterial antibody repertoire

It is well documented that natural EO6/T15 antibodies directed against S. pneumoniae in 

the serum of naïve mice confer strong protection against challenge with the bacterium43,45. 

Since our observations indicated that E34 promotes Vκ gene rearrangement associated with 

EO6/T15 antibodies, we examined serum derived from WT and E34Δ mice for the presence 

of anti-phosphorylcholine and EO6/T15 antibodies. We found that anti-phosphorylcholine 

and EO6/T15 antibody titers were reduced in E34Δ mice (Fig. 8a,b). To test whether the 

decrease in antibody concentration impacted survival, serum derived from WT or E34Δ 

mice was mixed with S. pneumoniae and injected intraperitoneally in Rag1−/− mice. We 

found that the entire mouse cohort challenged with the bacterium and serum isolated from 

E34Δ mice died by day 4, while 31% of mice survived through day 7 when the serum was 

derived from WT mice (Fig. 8c,d). To determine the kinetics of the production of EO6/T15 

antibody, we inoculated heat-killed S. pneumoniae intraperitoneally in WT and E34Δ mice. 

We found that the EO6/T15 antibody titers elicited were significantly higher in WT mice 

when compared with E34Δ mice (Fig. 8e,f). Next, we challenged mice intravenously with S. 
pneumoniae, finding that E34Δ mice exhibited significantly higher mortality than WT mice 

(Fig. 8g,h).

As a first approach to determine whether E34-instructed Vκ-Jκ rearrangement specifically 

affected the pathogenesis of S. pneumoniae, we challenged WT and E34Δ mice with MRSA, 

which lacks phosphorylcholine in the cell wall (Fig. 8g,i). We found that WT and E34Δ 

mice showed similar mortality rates for either high or low doses when infected intravenously 

with MRSA (Fig. 8i). Previous studies demonstrated that natural and induced IgM antibody 

responses provide protection against influenza virus infection63. To determine whether E34-

instructed antibody repertoires warrant resistance against influenza infection, we challenged 

WT and E34Δ mice with influenza virus. To this end, WT and E34Δ mice were intranasally 

infected with influenza. We found that WT and E34Δ mice showed similar mortality rates 

when infected with influenza virus (Fig. 8j). Collectively, these observations indicate that the 

E34 enhancer instructs the generation of antibodies that confer protection against lethal S. 
pneumoniae infection but not lethal MRSA or influenza infections.
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Discussion

The majority of antigen receptor loci are associated with immense numbers of V regions 

scattered across vast genomic distances, raising the question of how V regions encounter 

D or J elements with distinct probabilities independent of genomic separation. Here, we 

reveal in mechanistic terms how enhancers instruct Vκ-Jκ rearrangement. Specifically, we 

identified an enhancer, termed E34, in the Igk locus that repositions a Vκ subTAD away 

from a recombination-silent to a recombination-permissive neighborhood. How does the E34 

enhancer perform this daunting task? We show that in pre-B cells, the transcription factors 

E2A, EBF1 and PAX5 are sequestered at the E34 enhancer32,34,46,47,64. Upon binding, 

these factors act collaboratively to deposit activating histone marks, including H3K27Ac 

and H3K4me1, across the E34 subTAD34,48,65–68. We propose that the deposition of 

transcriptionally activating histone marks physically pulls the E34 subTAD into a segregated 

compartment that harbors Jκ gene segments and other Vκ elements, marked by equivalently 

activating histone marks.

In addition to the deposition of epigenetic marks, we found that the repositioning of Vκ 
genes into a segregated compartment is closely associated with E34-dependent noncoding 

transcription. How is noncoding transcription linked to changes in compartmentalization? 

Previous studies have demonstrated that noncoding transcription across the T-cell receptor 

Jα elements instructs the removal of repressive epigenetic marks and promotes deposition 

of transcriptionally activating histone marks as well as chromatin accessibility across the 

RSSs69. We suggest that the induction of E34-dependent transcription across the E34 

subTAD acts similarly across the E34 subTAD. Likewise, we suggest that noncoding 

transcription instructed by the iEκ enhancer promotes the deposition of transcriptionally 

activating marks across the Jκ region70. We propose that when transcriptionally repressive 

epigenetic information is replaced with the deposition of transcriptionally activating histone 

marks, Vκ and Jκ compartmental domains physically merge into a shared compartmental 

domain, a process that is likely driven by phase separation71. We note, however, that 

noncoding transcription might also act in a second pathway to instruct local chromatin 

folding across the E34 subTAD. Specifically, we favor a model in which E34-instructed 

activation of noncoding transcription across the E34 subTAD increases CTCF occupancy 

at weak-affinity binding sites72. Alternatively, noncoding transcription may promote DNA 

demethylation at CTCF binding sites to facilitate occupancy73,74. Thus, the cardinal 

conclusion of these observations is that the merging of Vκ genes with Jκ elements in 

a segregated nuclear structure is instructed by one-dimensional epigenetic information 

imposed by transcription factors and CTCF-dependent chromatin folding.

Finally, as aforementioned, the E34 enhancer is located within close genomic proximity 

of a Vκ gene encoding for the light chain associated with the EO6/T15 antibody idiotype. 

The EO6/T15 antibody is of particular clinical interest since it targets phosphorylcholine 

expressed on the S. pneumoniae cell wall42–45. Phosphorylcholine is found on the 

surface of a variety of pathogens that colonize the upper respiratory tract, including 

members of the genera Streptococcus, Haemophilus and Neisseria75. By altering the 

chromatin domain topology in the Igk locus, we negatively impacted the EO6/T15 Vκ 
rearrangement frequency. As a consequence, the EO6/T15 steady-state and stimulation-
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mediated responses were hampered, and, as predicted, depletion of EO6/T15 and EO6/

T15-expressing B cells caused significantly increased mortality upon S. pneumoniae 
challenge. EO6/T15 antibodies belong to a class of antibodies often referred to as natural 

antibodies which are essential for early immune responses against pathogens76. These are 

mainly produced in the absence of prior antigenic exposure by B1a B cells, tend to be 

of the IgM isotype and target pathogen-associated epitopes. Natural antibodies are also 

involved in tissue homeostasis; for example, EO6/T15 may protect the host by binding 

oxidized phospholipids77. Produced in inflammatory tissues, including atherosclerotic 

lesions, oxidized phospholipids are proinflammatory and promote the development of 

atherosclerosis and nonalcoholic steatohepatitis78. Numerous studies have indicated the 

potential of EO6/T15 antibodies to protect against atherosclerosis and nonalcoholic 

steatohepatitis by recognizing phosphorylcholine in oxidized phospholipids79,80–82. In future 

work, it will be important to determine whether E34Δ mice show increased susceptibility to 

cardiovascular disease or nonalcoholic steatohepatitis.

Recently, it was shown that precursor B cell frequencies play a crucial role in developing 

effective immune responses83–86. Specifically, the number of precursor B cells of the 

VRC01-class, which have the potential to generate broadly neutralizing antibodies against 

the HIV envelope glycoprotein, is critical for competition in the germinal center reaction 

and the generation of memory B cells after immunization83,84. The significance of precursor 

frequency has also been observed in other systems, including in mice expressing the human 

IGHV1–69 gene, which generates broadly neutralizing anti-influenza B cell responses85,86. 

Furthermore, disruption of enhancer function has been increasingly associated with disease, 

specifically involving genetic variants in transcription factor binding sites87. Polymorphisms 

also can affect the recombination frequencies of specific V genes and are correlated with 

disease88–90. It seems likely that polymorphisms associated with antigen receptor loci 

enhancers affect V-gene rearrangement frequencies in human B cells, with implications for 

human disease and vaccine development.

In conclusion, our studies indicate that the merging of Vκ genes with Jκ elements is 

instructed by one-dimensional epigenetic information imposed by enhancers across Vκ and 

Jκ genomic regions. We propose that the deposition of specific epigenetic marks physically 

pulls the E34 subTAD into a segregated compartment containing Jκ elements and other Vκ 
genes dispersed across the Igk locus, likewise marked by equivalent active histone marks. 

Finally, the data also reveal how enhancers act to generate distinct antibody repertoires that 

provide protection against lethal bacterial infection.

Methods

Mice

All mice were maintained in our breeding facility in accordance with protocols approved by 

Institutional Animal Care and Use Committee of the University of California San Diego (La 

Jolla, CA). Both male and female mice were used, ages 6–12 weeks. All mice used were in a 

C57BL/6 background.
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Flow cytometry and cell sorting

Isolated cell suspensions from organs or tissue cavities were counted and washed with 5 

ml of Dulbecco’s phosphate buffered saline (D-PBS). Cells were resuspended at a final 

concentration of 105 cells per μl in a minimal volume of 50 μl in a solution of FACS buffer 

containing 1/100 dilution of purified rat anti-mouse CD16/CD32, Mouse BD Fc Block (cat. 

no. 553142, Fisher). Cell were stained with antibodies (Supplementary Table 2) for each 

population identification (Extended Data Fig. 2a–c) in a concentration of 1/200 for 25 min. 

Cells were washed with 3 ml of D-PBS and resuspended in 500–800 μl for flow cytometry 

or 1–3 ml for FACS. Data were analyzed using FlowJo v.10.7.

Generation of the E34Δ mice

We used CRISPR–Cas9 to make germline mutations in mice zygotes. We used small 

guide RNAs (sgRNAs), sgRNA1 (TGGCAAGCTGCCTTTAAAGA) and sgRNA2 (5′-

ACCTTAACTCTGAGAGATAA), from Integrated DNA Technologies, Alt-R CRISPR–Cas9 

CRISPR RNA (crRNA) and Alt-R CRISPR–Cas9 transactivating crRNA (tracrRNA). We 

mixed 1 μl of 100 μM of each Alt-R CRISPR–Cas9 crRNA with 1 μl of 100 μM Alt-R 

CRISPR–Cas9 tracrRNA with 98 μl of Nuclease-free Duplex buffer (Integrated DNA 

Technologies). The mix was heated at 95 °C for 5 min and allowed to cool at 20 °C. Cas9 

protein (NEB no. M0646T), crRNA and tracrRNA were added to a final concentration of 0.6 

μM each in a volume of 30 μl of TE buffer. This mix was incubated for 5 min at 20 °C. The 

mix was centrifuged and the supernatant (25 μl) was transferred to a new tube. The sample 

was kept on ice until the pronuclear injection. Injection of guide RNAs and implantation 

were carried out at the University of California San Diego Transgenic Core Facility. C57BL/

6NHsd female mice and ICR mouse strains were used as embryo donors and foster mothers, 

respectively. C57Bl/6NHsd females (4–5 weeks old) were super-ovulated with pregnant 

mare serum gonadotropin (PMSG) and human chorionic gonadotropin (HCG), and mated 

to C57BL/6NHsd males. One-cell stage fertilized embryos were collected from oviducts the 

next day. CRISPR mixture was injected into the pronucleus of fertilized eggs. All injected 

embryos were then implanted in the oviduct of pseudo-pregnant ICR females.

RNA and DNA isolation

RNA and genomic DNA (gDNA) samples were prepared from 2 × 105 to 2 × 106 pro-B, 

pre-B, B1a and B1b cells using QIAshredder (cat. no. 79654, Qiagen). Gating schemes for 

each B cell population are shown in Extended Data Fig. 2a–c. RNA was isolated using an 

RNeasy Plus Mini Kit (cat. no. 74134, Qiagen). DNA was isolated (1–3 × 106 cells) using 

a DNeasy Blood and Tissue Kit (cat. no. 69504, Qiagen). DNA and RNA samples were 

processed according to instructions provided by the manufacturers.

RNA-seq

RNA-sequencing (RNA-seq) libraries were generated using the Illumina Ribo-Zero Plus 

rRNA Depletion Kit with IDT for Illumina RNA UD Indexes (Illumina). Samples were 

processed following manufacturer instructions. Resulting libraries were multiplexed and 

sequenced with 100-base pair paired-end reads (PE100) to a depth of approximately 25 
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million reads per sample on an Illumina NovaSeq 6000. Samples were de-multiplexed using 

bcl2fastq v.2.20 Conversion Software (Illumina).

Library preparation for Vκ repertoire sequencing

Complementary DNA was prepared using QuantiTect Reverse Transcription kit from RNA 

isolated from 2 × 105 to 2 × 106 cells according to manufacturer instructions. cDNA libraries 

were quantified by quantitative PCR for total rearrangement using a panspecific Vκ gene 

primer (Vκall 5′-GGCTGCAGSTTCAGTGGCAGTGGRTCWGGR AC-3′)70 and a primer 

in the constant region (Cκ 5′-TGGTGGGAAGATGGATACAGTTGGTG-3′). For gDNA 

amplification, primers downstream of Jκ1 (5′-GGATTCTACTTACGTTTGATTTCCA-3′) 

and Jκ5 (5′-GAAAAGTGTACTTACGTTTCAGCT-3′) were used instead of Ck. Next, 

samples were amplified in eight independent PCR reactions using Q5 High-Fidelity 2X 

Master Mix (M0492S, NEB), to avoid PCR biases, until two cycles before the calculated 

threshold cycle (Ct) value from the first quantification. These eight reactions were pooled 

and cleaned using NucleoSpin Gel and PCR Clean-up kit (REF 740609.50, Macherey-

Nagel). The Vκ PCR library was prepared for Illumina sequencing with KAPA HyperPrep 

Kit (KK8502) using KAPA Unique Dual-Indexed Adapters (KK8727).

Vκ repertoire analysis

MiXCR software was used for analysis of Vκ gene rearrangement91. Data from all 

clonotypes and all the Jκ gene recombination events for each Vκ gene were added and 

reported as a percentage of the total rearrangement.

The following command lines were used:

• ./mixcr align --species mmu <filenameR1>.fastq.gz <filenameR2>.fastq.gz 

<output_filename1>.vdjca

• ./mixcr assemble -a <output_filename1>.vdjca <output_filename1>.cln

• ./mixcr exportClones <output_filename1>.clna <output_filename1>.txt

HiC

WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM CD19+ cells were isolated from bone marrow 

by column separation using CD19 microbeads (cat. no. 130–121-301, Miltenyl Biotec). Two 

biological replicates from a pool of 2–4 mice each were used to prepare the HiC library. Ten 

million CD19+ cells were used for processing. Arima-HiC+ kit (cat. no. A101020) was used 

to prepare the HiC libraries according to instructions provided by manufacturers.

HiC data preprocessing

We used our in-house HiC data analysis pipeline to preprocess the HiC data (https://

github.com/ren-lab/hic-pipeline), as described in our previous studies56,92,93. Briefly, we 

mapped each single-end read from the fastq files to the reference genome mm9, retained 

uniquely mapped reads and removed PCR duplicates. Next, we used the juicer software94 

(https://github.com/aidenlab/juicer) to convert mapped reads into the .hic files. Finally, we 
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generated 50-kb-bin-resolution HiC raw contact matrices from the .hic files for further 

analysis.

HiC reproducibility

First, we calculated the Pearson correlation coefficients between the raw counts of two 

biological replicates at the same genomic distance. We found that for 500-kb genomic 

distances, the Pearson correlation coefficient was 0.9263 and 0.9008 for WT-Rag1−/−.hIgM 

and E34Δ-Rag1−/−.hIgM pre-B cells, respectively. We further applied HiCrep to calculate 

the stratum-adjusted correlation coefficient, with the smoothing parameter h = 5 and 

maximal genomic distance of 2 megabases (Mb) (ref. 95). We found that the stratum-

adjusted correlation coefficient was 0.9900 and 0.9631 for WT-Rag1−/−. hIgM and E34Δ-

Rag1−/−.hIgM pre-B cells, respectively. This was followed by merging two biological 

replicates for each cell type for further analysis.

A/B compartmental domain analysis

We used the 50-kb-bin-resolution HiC raw contact matrices as the input and applied the 

PC analysis approach to generate PC1 score for chromosome 6 (ref. 58). We assigned 

PCs such that 50-kb bins with positive PC1 have higher GC content than 50-kb bins 

with negative PC1, where the GC content is defined as in ref. 6 (http://enhancer.sdsc.edu/

yunjiang/resources/genomic_features/). We defined 50-kb bins with positive PC1 values as 

being positioned in the A compartment versus 50-kb bins with negative PC1 values being 

localized in the B compartment.

TAD analysis

We applied the IS method to identify the boundary regions of the TAD53. Specifically, 

we first used the KRnorm method to normalize the 50-kb-bin-resolution HiC raw contact 

matrices14. Next, we defined the local region for each 50-kb bin as the upstream 250 kb and 

the downstream 250 kb (0.5 Mb in total). Then, we calculated the summation of KRnorm-

normalized HiC contact frequency between the upstream 250-kb region and the downstream 

250-kb region, and the summation of KRnorm-normalized HiC contact frequency for all bin 

pairs within the 0.5-Mb region, and defined their ratio as the IS. Finally, we defined a 50-kb 

bin as the TAD boundary if it showed the lowest IS within a 0.5-Mb genomic region.

FIRE analysis

We applied the HiCNormCis method to normalize the total number of local (<200 kb) intra-

chromosomal interactions for each 50-kb bin. We further converted HiCNormCis outputs 

into Z-scores and defined 50-kb bins unusually high in local interactions (that is, Z-score 

above 1.96) as FIRE bins.

ATAC-seq

Sorted pre-B cells were frozen and keep at −80 °C in RPMI medium supplemented with 

10% FBS, 2 mM L-glutamine, 1% penicillin/streptomycin, 0.05 mM β-mercaptoethanol 

and 5% dimethylsulfoxide. Permeabilized nuclei were obtained by resuspending cells in 

250 μl of Nuclear Permeabilization Buffer (0.2% IGEPAL-CA630 (I8896, Sigma), 1 mM 
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dithiothreitol (D9779, Sigma), Protease inhibitor (05056489001, Roche), 5% BSA (A7906, 

Sigma) in PBS (10010–23, Thermo Fisher Scientific)) followed by incubation for 10 min 

on a rotator at 4 °C. Nuclei were pelleted by centrifugation for 5 min at 500g at 4 °C. 

The pellet was resuspended in 25 μl of ice-cold Tagmentation Buffer (33 mM Tris-acetate 

(pH 7.8) (BP-152, Thermo Fisher Scientific), 66 μM potassium acetate (P5708, Sigma), 

11 μM magnesium acetate (M2545, Sigma), 16% DMF (DX1730, EMD Millipore) in 

H2O (46000-CM, Corning)). An aliquot was then taken and counted by hemocytometer to 

determine nuclei concentration. Approximately 50,000 nuclei were resuspended in 20 μl of 

ice-cold Tagmentation Buffer, and incubated with 1 μl of Tagmentation Enzyme (FC-121–

1030; Illumina) at 37 °C for 30 min. Tagmented DNA was purified using MinElute PCR 

purification kit (28004, Qiagen). Libraries were amplified using NEBNext High-Fidelity 2X 

PCR Master Mix (M0541, NEB) with primer extension at 72 °C for 5 min, denaturation at 

98 °C for 30 s, followed by 8 cycles of denaturation at 98 °C for 10 s, annealing at 63 °C for 

30 s and extension at 72 °C for 60 s. Amplified libraries were then purified using MinElute 

PCR purification kit (28004, Qiagen), and two size-selection steps were performed using 

SPRIselect beads (B23317, Beckman Coulter) at 0.55× and 1.5× bead-to-sample volume 

ratios, respectively.

CUT&RUN

The protocol used for CUT&RUN was from ref. 96, with some modifications as follows: 

33.3 μl of Concanavalin A beads (Bangs Laboratories, cat. no. BP531) were used per 1 

× 106 cells; 1–3 × 106 cells were used per sample; and incubation of nuclei-bound beads 

with antibody was done overnight at 4 °C on a rotating platform. All antibodies were used 

at a 1/100 dilution. DNA purification after fragment release was done using NucleoSpin 

Gel and PCR Clean-up kit (ref. no. 740609.50, Macherey-Nagel). CUT&RUN libraries 

for Illumina sequencing were prepared with KAPA HyperPrep Kit (KK8502) using KAPA 

Unique Dual-Indexed Adapters (KK8727). Protein A-MNase (pA-MN) was kindly provided 

by Dr. Henikoff (Basic Sciences Division, Fred Hutchinson Cancer Research Center, Seattle, 

Washington, USA). Antibodies used are described in Supplementary Table 2.

ELISA

Wells in an ELISA microplate, Greiner Bio-One (cat. no. 7000101, Fisher scientific), were 

covered with 50 μl of D-PBS containing anti-mouse T15 VH and T15 VL regions of IgM 

(cat. no. BE0072, BioX Cell) or PC-BSA (cat. no. PC-1011–10, Biosearch Technologies) 

at a concentration of 5 μg ml−1. Plates were incubated overnight at 4 °C. Solution was 

removed and wells were washed three times with ELISA wash buffer (0.05% Tween 20 

in D-PBS). Wells were blocked with 50–100 ml of blocking buffer (1% BSA in D-PBS) 

for 30 min. Blocking buffer was removed and wells were washed three times with ELISA 

wash buffer. Serial dilutions of serum in wash buffer were loaded (50–100 ml) into the wells 

and were incubated for 2 h at 20 °C. Serum suspensions were removed, and wells were 

washed three times with ELISA wash buffer. A solution (100 μl) of goat anti-mouse IgM 

(cat. no. 1021–05, Southern Biotech) at 1/5,000 dilution in D-PBS was added to the wells 

and incubated for 1 h at 20 °C. Goat anti-mouse IgM solution was removed and wells were 

washed six times with ELISA wash buffer. TMB substrate (cat. no. 421101, Biolegend) was 

prepared according to the manufacturer instructions and was added to each well (100 μl). 
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After 30 min of incubation, 50 μl of stop solution (1 M H3PO4) was added to each well on 

top of the TMB substrate. After 5 min of incubation, the plate was read at 450 nm and 570 

nm. Reads at 570 nm (background) were subtracted from those measured using 450 nm to 

obtain the final optical density.

Serum isolation

Mouse blood was collected by cheek puncture in a 1.5-ml Eppendorf tube. Samples were 

incubated for 30–60 min at 20 °C to allow coagulation. Samples were centrifuged for 10 

min at 1,500g. For each sample, supernatant (serum) was collected in an Eppendorf tube and 

frozen at −20 °C until analysis.

Bacterial and viral cultures and infections

S. pneumoniae strain TIGR4 cultures were grown in Todd-Hewitt broth with 2% yeast 

extract (THY media). Freshly cultured bacteria from frozen aliquots were grown at 37 

°C in 5% CO2 in THY media. Bacterial cultures, with log phase optical density at 600 

nm (OD600) of 0.4, were frozen in 25% glycerol. Bacterial counts were quantified on 

trypticase soy agar (TSA II) with 10% sheep blood (cat. no. B21162X, Fisher Scientific). 

For infections, glycerol stocks were thawed and resuspended in cold D-PBS. The suspension 

was centrifuged at 4,000g for 5 min and resuspended in cold D-PBS (same volume as 

the one used from the glycerol stock). From this suspension, dilutions were made to 

obtain 50 colony-forming units per 100 ml, based on the original count for the glycerol 

stock, and were quantified again after each infection. MRSA TCH 1516 was grown in 

Tryptic Soy Broth to mid-logarithmic phase, washed twice in sterile D-PBS and diluted to 

obtain the respective inoculums in D-PBS. Mice were briefly anesthetized with isoflurane 

and injected intravenously with the specified inoculum. Influenza virus strain A/Puerto 

Rico/8/34 H1N1 was kindly provided by Dr. Alistair Russell (UCSD) at a concentration of 2 

× 105 plaque-forming units (PFU) per μl. D-MEM medium was used to dilute the inoculum 

to a concentration of 1.25 PFU ml−1. Mice were briefly anesthetized with isoflurane and 

inoculated intranasally with 40 μl of medium containing virus (50 PFU total). Mice were 

monitored until they fully recovered from anesthesia and monitored for weight loss and 

mortality for 2 weeks. Mice were humanely euthanized and counted as dead if they lost 

more than 25% of their initial weight.

Phylogenetic tree

Online resources https://ngphylogeny.fr/ and https://itol.embl.de/ were used to analyze 

and generate the Vκ gene phylogenetic tree97–99. Default tools and parameters were 

used. Software used by these websites includes: MAFFT Multiple Sequence Alignment 

Software v.7 (ref. 100); FastME 2.0: A Comprehensive, Accurate, and Fast Distance-Based 

Phylogeny Inference Program101; BMGE Block Mapping and Gathering with Entropy102; 

and Phylogeny Reconstruction Algorithms103.

CUT&RUN and ATAC-seq analysis

Fastq files were uploaded to usergalaxy.org104. These files were aligned to the mouse 

genome build mm9 using Bowtie2 (ref. 105) with the default parameters, except the 
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minimum and maximum fragment lengths for valid paired-end alignments were set to 10 

and 700, respectively, and mate dove tailing was also allowed, and the analysis mode was 

set to ‘Very sensitive local’. Next, Samtools merge was used to combine data from the 

two biological replicas with default parameters. Then, merged BAM files were converted 

to bigwig files for visualization in the UCSC Genome Browser using bamCoverage toolset 

to normalize the samples to reads per kilobase per million (RPKM). Significant peaks were 

called using MACS2 callpeak for merged BAM files.

RNA-seq analysis

Fastq files were uploaded to usergalaxy.org. RNA STAR Gapped-read mapper for RNA-seq 

data (Galaxy v.2.7.8a) was run to obtain BAM files with the default parameters104. BAM 

files were converted to bigwig files for visualization in the UCSC Genome Browser.

Statistical analysis

Prism 7 (GraphPad Software) was used to calculate significant differences between samples 

and the correlation coefficient. The usergalaxy. org website was used for CUT&RUN 

and ATAC-seq peak calling. DEseq was used to calculate significant differences between 

samples for CUT&RUN, ATAC-seq and RNA-seq data. A two-sided Z-test was used to 

calculate P values for the DI, IS, PC1 score and virtual 4C plots.

Blinding

Data collection and analysis were not performed blind to the conditions of the experiments.
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Extended Data

Extended Data Fig. 1 |. Identification of an enhancer located nearby a Vκ gene encoding for the 
prototypical EO6/T15 antibody idiotype.
a, Genome browser view of the Igκ locus indicating the location of the Vκ gene segments 

and deposition of H3K27Ac (GSM3103098) and H3K4me1 (GSM2084579) in WT-Rag1−/

−.hIgM pre-B cells. Blue and green highlights indicate a potential enhancer in the vicinity 

of the Igkv7–33 gene and the IgκRR, respectively. b, Genomic region spanning the Igkv7–
33 gene is shown. CTCF (GSM2973687) occupancy and deposition of H3K27Ac and 
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H3K4me1 (upper panel) are shown. Lower tracks show enrichment for the deposition of 

H3K27Ac and H3K4me1. E2A (GSM546523), EBF (GSM1296532), IRF4 (GSM1296534), 

PU.1 (GSM1296533), and Pax5 (GSM932924) occupancy across the Igkv7–33 genomic 

region is indicated. Bottom indicates genomic position of gRNAs used to excise the E34 

enhancer. c, p300 (GSM987808), Brg1 (GSM1635413), and Mediator (GSM1038263) 

occupancy across a genomic region spanning the E34 enhancer. d, Genotyping of DNA 

derived from wild-type (WT) cells and cells carrying the E34-targeted deletion is shown. 

Indicated are representatives from two independent experiments.
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Extended Data Fig. 2 |. Flow cytometric analysis of B cell populations in WT and E34Δ mice.
Gating strategy to identify B cell populations in bone marrow (a), peritoneal cavity (b), 

and spleen (c) is shown. Forward scatter (FSC) and side scatter (SSC) areas are shown. 

Quantification of the flow cytometry data for B cell populations derived from bone marrow 

(d), peritoneal cavity (e), and spleen (f) are indicated. Data was derived from 4 mice for 

each genotype and expressed as a percentage of the parental population. Data are presented 

as mean values +/− SEM. Significant differences between populations were assessed using 
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two-tailed t-test. Small (Sm), Large (Lg), follicular (Fo), marginal zone (MZ), recirculating 

(rec), and transitional (Tr) B cells are indicated. n.s.=not significant.

Extended Data Fig. 3 |. Relative Vκ rearrangement frequencies in B1 cell subpopulations derived 
from WT and E34Δ mice.
Relative Vκ rearrangement frequencies in (a) B1a B cells, and (b) B1b B cells derived from 

WT and E34Δ mice are shown. Data was derived from four independent experiments (one 

mouse per group per genotype) and is expressed as the average of the ratio of E34Δ mice 

over littermate controls (WT) ± SEM.
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Extended Data Fig. 4 |. HiC, virtual 4 C, Vκ rearrangement and contact frequency correlation 
analyses.
Pearson correlation assessing the reproducibility of the HiC data for WT-Rag1−/−.hIgM and 

E34Δ-Rag1−/−.hIgM pre-B cells are indicated95. Stratum adjusted correlation coefficients 

(SCC) are shown. b, Average contact probability as a function of genomic distance 

for compiled WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells samples. c,d, HiC 

contact matrices for WT-Rag1−/−.hIgM (c) and E34Δ-Rag1−/−.hIgM (d) pre-B cells across 

chromosome 6 are shown. The location of the Igk locus is indicated. e, HiC contact matrices 
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for WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cell across the Igk locus. f, HiC 

contact matrices for WT-Rag1−/−.hIgM and E34Δ-Rag1−/−. hIgM pre-B cells for a genomic 

region that spans the E34 enhancer. Yellow and blue dots indicate the E34 enhancer and 

the IgκRR, respectively. The location of the Vκ (blue), Jκ (orange), and other genes (black) 

is shown at the bottom. Location of the affected genomic region is indicated by black 

and blue triangles in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. g, Significant 

differences between Vκ gene rearrangement frequencies were computed within and outside 

of the E34 subTAD assessed using two tailed t-tests.
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Extended Data Fig. 5 |. Chromatin interactions involving the CER and the iEκ/Jκ elements in 
WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells.
a, HiC matrix heatmaps showing chromatin interaction frequencies involving a genomic 

region that spans the E34 subTAD in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−. hIgM pre-B 

cells. Close-up views of HiC matrices heatmap that span a genomic region harboring the 

CER and the iEκ/Jκ elements are indicated. Blue and black rectangles indicate a 10 kbp 

genomic region that show interactions involving the CER and iEκ/Jκ elements, respectively. 

Black and blue squares represent significant chromatin interactions detected by FitHiC2 in 

WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells, respectively. Bottom tracks indicate 
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Rad21 and CTCF occupancy as well as the deposition of H3K27Ac and H3K4me1 in 

a genomic region that spans the CER element and iEκ/Jκ region. b, Virtual 4 C plots 

spanning a 10 kbp genomic region contain the CER and the iEκ/Jκ element in the vicinity 

of the E34 enhancer in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. Significant 

differences were calculated using a two-sided Z-test. The negative log10 p-values indicating 

significant differences between WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM cells are shown 

at the bottom tracks.
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Extended Data Fig. 6 |. Igk locus non-coding transcription and epigenetic profiling at the 5′ 
boundary of the E34 subTAD in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells.
a, UCSC genome browser tracks spanning the Igk locus showing the deposition of CTCF, 

H3K27ac, H3K4me1, H3K27me3, and H3K9me3, as well as ATAC-seq reads in WT-Rag1−/

−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. Vκ rearrangement is also shown (E34Δ/WT). 

Significant peaks were called using MACS2 (Cutoff FDR < 0.05). The p-values cutoff for 

H3K9me3 reads was 0.001. Blue highlight indicates a genomic region downstream of the 

CTCF binding site affected by the E34 deletion. b, Genome browser view of the Igk locus 

centered on the E34 enhancer shows RNA-seq reads in WT-Rag1−/−.hIgM and E34Δ-Rag1−/

−. hIgM pre-B cells. Blue arrows indicate affected transcripts. Tracks showing the deposition 

of H3K27Ac (GSM3103098) and H3K4me1 (GSM2084579) are shown. c, Non-coding 

transcripts expressed within the E34 subTAD with statistically significant changes are 

indicated. Data is expressed as Transcripts Per Million (TPM). DEseq analysis was used 

to calculate statistically significant changes for biological replicates. p-values are indicated. 

DEseq uses a negative binomial generalized linear model to determine significance of 

differences between transcript abundance. Data is derived from two independent experiment 

(two mice per group per genotype). d, Non-coding transcripts expressed in genomic regions 

located across the Igk locus but away from the E34 subTAD are shown. Data is derived from 

two independent experiment (two mice per group per genotype). DEseq analysis was used 

to calculate statistically significant changes in terms of p-values for biological replicates. p-

values are indicated. DEseq uses a negative binomial generalized linear model to determine 

significance of differences between transcript abundance. e, Correlation between enrichment 

of H3K27me3 and KR-normalized interaction frequencies (E34Δ-WT) involving the E34 

subTAD when compared to other genomic regions spanning chromosome 6 are indicated. 

Correlation coefficient (r) and p-values were calculated using simple linear regression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. An enhancer that instructs Igkv7–33 gene rearrangement.
a, Relative Vκ gene rearrangement frequencies, using genomic DNA (gDNA) as starting 

material, in WT and E34Δ adult bone marrow pre-B cells are shown. b, Relative Vκ gene 

rearrangement frequencies, using RNA as starting material, in WT and E34Δ adult bone 

marrow pre-B cells are shown. RNA and gDNA were derived from WT and E34Δ adult 

bone marrow pre-B cells and analyzed for Vκ gene usage. Data were derived from three 

(gDNA) and four (RNA) independent experiments using one mouse for each genotype 

per experiment and are expressed as the ratio of gene usage in E34Δ versus WT pre-B 
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cells ± s.e.m. c, Levels of Igkv7–33 rearrangements in pro-B, pre-B, B1a and B1b B cells 

derived from E34Δ or littermate (WT) mice. Data were derived from three (pro-B) and 

four (pre-B, B1a and B1b) independent experiments and are expressed as a percentage of 

the total number of reads ± s.e.m. Significant differences between groups were assessed 

using an unpaired t-test. d, Violin plots show relative rearrangement frequencies in E34Δ 

and littermate (WT) pre-B cells for indicated Vκ gene families. Dashes and dotted lines 

represent means and quartiles, respectively. Significant differences between each group with 

reduced rearrangement and the combined data from all groups were assessed using an 

unpaired t-test. e, Phylogenetic analysis of functional Vκ genes. Indicated are families most 

affected by the E34 deletion with the exception of the Igkv18 family. The distance scale 

represents the percentage of genetic variation between the sequences. f, Correlation between 

the genomic distance and relative levels of rearrangement among the Vκ gene families that 

showed significantly reduced rearrangement frequencies. Correlation coefficient (r) and P 
values were calculated using simple linear regression. g, Violin plots showing the relative 

frequencies of rearrangements between genetically Igkv7–33-related Vκ genes (green), non-

Igkv7–33-related Vκ genes associated with reduced rearrangement frequencies (orange) and 

Vκ genes linked with increased rearrangement frequencies (purple). Significant differences 

between groups were assessed using an unpaired t-test. Dashes and dotted lines represent 

means and quartiles, respectively. Rearrangement frequencies for a, b and f are shown as 

averages of the ratio of E34Δ versus littermate controls (WT).
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Fig. 2 |. The E34 enhancer instructs changes in chromatin folding and boundary elements.
a–c, HiC matrix differential contact heatmaps showing chromatin interaction frequencies 

in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−. hIgM pre-B cells for: chromosome 6 (a), the Igk 

locus (b) and a genomic region spanning the E34 enhancer (c). Indicated are the locations 

of the E34 enhancer (yellow dot) and the IgκRR (blue dot). Data are derived from two 

independent experiments using four mice each in experiment 1 and two mice each for 

experiment 2. d, HiC contact matrices for WT-Rag1−/−.hIgM (top) and E34Δ-Rag1−/−.hIgM 

(bottom) pre-B cells. Heatmaps indicate normalized interaction frequencies. Indicated are 
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the locations of the E34 enhancer (yellow dot) and the IgκRR (blue dot). Black lines 

indicate IS and DI scores associated with the genomes derived from WT-Rag1−/−.hIgM 

pre-B cells. Red lines indicate IS and DI scores associated with the genomes derived from 

E34Δ-Rag1−/−.hIgM pre-B cells. Shown are tracks indicating Vκ rearrangement (E34Δ/WT), 

Rad21 occupancy (GSM2973688), CTCF occupancy (GSM2973687) and CTCF binding 

orientation (blue and red arrows). Shown are IS and the DI. Brown arrows indicate unaltered 

DI scores or potential boundaries segregating subTADs for WT-Rag1−/−.hIgM versus E34Δ-

Rag1−/−.hIgM pre-B cells. Black and red arrows indicate a boundary element segregating 

two subTADs in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells, respectively. 

SubTADs were identified using DI and IS as well as CTCF-marked boundary elements. 

SubTADs are highlighted by color. The genomic region spanning the E34 subTAD in 

WT-Rag1−/−.hIgM pre-B cells is highlighted in light and dark blue. Light-blue highlight 

indicates the E34 subTAD in E34Δ-Rag1−/−.hIgM pre-B cells. Tracks show −log10 P values 

for IS and DI scores for WT-Rag1−/−.hIgM versus E34Δ-Rag1−/−.hIgM pre-B cells (blue 

lines). A two-sided Z-test was used to calculate P values.
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Fig. 3 |. The E34 enhancer instructs the chromatin interaction landscape across the Igk locus.
a, HiC matrix contact heatmaps for a genomic region around the Igk locus in WT-Rag1−/

−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells are shown. b, HiC matrix contact heatmaps 

for a genomic region located in the vicinity of the E34 enhancer in WT-Rag1−/−.hIgM 

and E34Δ-Rag1−/−.hIgM pre-B cells are shown. Tracks show the deposition of H3K27ac, 

H3K4me1, Rad21 and CTCF as well as relative Vκ rearrangement frequencies (E34Δ/

WT). Indicated are chromatin interactions detected by FitHiC2 in WT-Rag1−/−.hIgM 

(black dots) and E34Δ-Rag1−/−.hIgM (blue dots) cells. Bottom shows the location of the 
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Vκ (blue), Jκ (orange) and other gene segments (black). Yellow and blue dots indicate 

the genomic locations of the E34 enhancer and the IgκRR, respectively. c, Chromatin 

interactions affected by the E34 deletion across the Igk locus were analyzed using EdgeR 

(50-kb resolution). The E34 enhancer, the IgκRR and subTADs that span the Igk locus 

are indicated. Tracks show relative Vκ rearrangement frequencies (E34Δ/WT) and the 

deposition of H3K27ac, H3K4me1, Rad21 and CTCF. Gray scale represents negative log10 

P values for each interaction as revealed using EdgeR. FIRE scores calculated for WT-

Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells are indicated. Significant differences for 

FIRE scores between WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells are shown as 

negative log10 P values and were calculated using a two-sided Z-test. FDR, false discovery 

rate.
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Fig. 4 |. The E34 enhancer instructs insulation and compartmentalization of the E34 subTAD.
a, HiC contact matrix heatmap for contact frequencies (E34Δ/WT) for WT-Rag1−/−.hIgM 

versus E34Δ-Rag1−/−.hIgM pre-B cells. Indicated are the Igk subTADs. b, Virtual 4C 

plots are shown for WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. Interactions 

emanating from the E34, IgκRR and a subTAD located adjacent to the E34 subTAD are 

shown. Indicated are the locations of the E34 (blue highlight) and IgκRR (beige highlight). 

Negative log10 P values indicating significant differences between WT-Rag1−/−.hIgM versus 

E34Δ-Rag1−/−.hIgM pre-B cells are shown (blue lines). c, Correlations between the relative 
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chromatin contact frequencies involving the IgκRR (Jκ genes), Vκ gene segment location 

and Vκ rearrangement levels are indicated. Virtual 4C track emanating from the IgκRR 

viewpoint (50-kb resolution) using a moving average of three genomic regions from the 

ratio of WT-Rag1−/−.hIgM versus E34Δ-Rag1−/−.hIgM is shown (right y axis in blue). Vκ 
gene rearrangement is expressed as the ratio of WT versus E34Δ pre-B cells. d, PC1 

scores of HiC data derived from WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells 

are shown. Negative log10 P values indicating significant differences between WT-Rag1−/−. 

hIgM and E34Δ-Rag1−/−.hIgM pre-B cells are shown (blue lines). e, Saddle plots indicating 

compartmentalization strength in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells 

spanning chromosome 6 (top matrices) and the Igk locus (bottom matrices) are shown. 

Averaged distance-normalized contact frequencies between cis pairs of genomic bins were 

arranged by changing PC1 values. f, Violin plots comparing distributions of log2 ratios 

for averaged genomic interaction frequencies involving different compartments are shown 

for WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. Statistical analyses of changes 

were calculated using a paired t-test. g, Pearson correlation matrices for HiC reads derived 

from WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells are shown at 50-kb resolution. 

Blue and black dashed interrupted rectangles indicate changes in compartment association 

involving the E34 subTAD (black triangles) with genomic regions located across the Igk 

locus and genomic regions positioned outside the Igk locus, respectively. Yellow and blue 

dots indicate the E34 enhancer and the IgκRR, respectively. obs/exp, observed divided 

expected.
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Fig. 5 |. The E34 enhancer instructs chromatin accessibility, the deposition of activating histone 
marks, CTCF occupancy and noncoding transcription across the E34 subTAD.
a, UCSC Genome Browser tracks spanning the Igk locus showing ATAC-seq reads for 

WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. b, UCSC Genome Browser tracks 

spanning the Igk locus show the deposition of H3K27ac, H3K4me1, H3K27me3 and 

H3K9me3 in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. CTCF occupancy and 

RNA-seq reads are also shown for WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. 

Significant peaks were called using MACS2 (cutoff FDR < 0.05). The P value threshold for 
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H3K9me3 abundance was 0.001. Indicated (dashed lines) is the location of the E34 subTAD. 

Blue arrows indicate noncoding transcripts associated with the E34 subTAD expressed in 

WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells, respectively. c, Fold changes in 

peak enrichment for chromatin accessibility (ATAC-seq reads) across the E34 subTAD and 

the rest of the lgk locus are indicated. d, Fold changes in peak enrichment for H3K4me1 

abundance across the E34 subTAD and the rest of the lgk locus are indicated. e, Fold 

changes in V-gene noncoding transcript abundance, expressed as transcripts per million 

(TPM), within the E34 subTAD as well as other subTADs that span the rest of the lgk 

locus are indicated. f, Fold changes in H3K27me3 enrichment per 50-kb bin within the E34 

subTAD and the rest of the lgk locus are shown. g, Fold changes in H3K9me3 enrichment 

per 50-kb bin within the E34 subTAD and the rest of the lgk locus are shown. Significant 

differences between groups in c–g were computed using an unpaired Student’s t-test. Data 

shown were derived from two independent experiments using four mice per group.
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Fig. 6 |. The E34 enhancer instructs the deposition of epigenetic marks at genomic regions 
associated with Igk locus chromatin folding and Vκ-Jκ rearrangement.
a, UCSC Genome Browser tracks show the deposition of H3K27ac, H3K4me1, CTCF, 

H3K27me3 and H3K9me3 across the E34 subTAD in WT-Rag1−/−.hIgM and E34Δ-Rag1−/

−.hIgM pre-B cells. ATAC-seq and RNA-seq reads for WT-Rag1−/−.hIgM and E34Δ-Rag1−/

−.hIgM pre-B cells are also shown. Significant peaks were called using MACS2 (cutoff FDR 

< 0.05). The P value threshold for H3K9me3 abundance was 0.001. Blue highlights indicate 

the location of the chromatin interactions depleted in E34Δ-Rag1−/−.hIgM pre-B cells as 
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compared with WT-Rag1−/−.hIgM pre-B cells using the IgκRR as a viewpoint. b, Shown 

are CTCF binding sites involved in chromatin interactions proximal to the CER element 

affected in E34Δ-Rag1−/−.hIgM pre-B cells when compared with WT-Rag1−/−.hIgM pre-B 

cells. c, Shown are CTCF binding sites involved in chromatin interactions near the Igkv8–28 
gene segment affected in E34Δ-Rag1−/−. hIgM pre-B cells when compared with WT-Rag1−/

−.hIgM pre-B cells. d, Fold changes in chromatin accessibility at the RSSs of Vκ genes 

located within the E34 subTAD and subTADs that span the rest of the lgk locus are shown. 

e, Fold changes in H3K4me1 enrichment at the RSSs of Vκ genes located within the E34 

subTAD and subTADs that span the rest of the lgk locus are shown. Significant differences 

between groups in d and e were calculated using an unpaired Student’s t-test. f, Correlation 

between Vκ rearrangement frequencies, DNA accessibility and H3K4me1 enrichment at the 

Vκ RSS is indicated. Correlation coefficients (r) and P values were calculated using simple 

linear regression. g, Fold changes in Vκ rearrangement frequencies, DNA accessibility and 

H3K4me1 enrichment at the Vκ RSS are shown. h, Chromatin accessibility and H3K4me1 

abundance across the Igkv7–33 gene are shown.
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Fig. 7 |. The E34 enhancer impedes recruitment of the E34 subTAD to pericentromeric 
heterochromatin.
a, HiC Pearson correlation matrices derived from WT-Rag1−/−.hIgM and E34Δ-Rag1−/

−.hIgM pre-B cells are shown at 50-kb resolution. Included are tracks for H3K27me3 and 

H3K9me3 abundance in WT-Rag1−/−.hIgM and E34Δ-Rag1−/−.hIgM pre-B cells. Dashed 

black rectangles show correlation between de novo chromatin interactions emanating from 

the E34 subTAD in E34Δ-Rag1−/−.hIgM pre-B cells (black arrows) and genomic regions 

deposited by transcriptionally repressive epigenetic marks. The E34 subTAD is shown as 
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dashed triangles. Yellow and blue dots indicate the locations of the E34 enhancer and the 

IgκRR. b, Virtual 4C plots using the E34 subTAD as a viewpoint across chromosome 

6 are indicated. PC1 scores and deposition of H3K27me3 and H3K9me3 are shown. 

Blue highlights indicate correlation between chromatin interactions emanating from the 

E34 subTAD, negative PC1 values and genomic regions associated with the deposition of 

transcriptional repressive marks. Virtual 4C plots were plotted at 50-kb resolution using a 

moving average of three genomic (50-kb) regions. One representative set of H3K27me3 

and H3K9me3 reads derived from two independent experiments was plotted. c, Statistical 

analyses correlating enrichment of H3K9me3 abundance in counts per million (CPM) 

and KR-normalized HiC contact frequencies are shown. d, Statistical analyses correlating 

enrichment of H3K27me3 abundance in counts per million (CPM) and KR-normalized HiC 

contact frequencies are shown. e, Statistical analyses of correlation between PC1 values 

and the KR-normalized HiC contact frequencies (E34Δ–WT) are indicated. Significant 

differences between groups in c–e were calculated using an unpaired t-test. f, Correlations 

between H3K9me3 abundance and KR-normalized HiC contact frequencies (E34Δ–WT) 

are shown. Correlation coefficient (r) and P values were calculated using simple linear 

regression.
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Fig. 8 |. Impaired natural antibody responses and increased S. pneumoniae lethality in E34Δ 
mice.
a, Quantification of anti-phosphorylcholine antibodies using ELISA for serum isolated from 

WT and E34Δ mice (n = 4) presented as mean ± s.e.m. b, Quantification of EO6/T15 

IgM antibodies using ELISA for serum isolated from WT (n = 6) and E34Δ mice (n 
= 7) presented as mean ± s.e.m. c, Infection strategy to assess impact of changes in 

anti-phosphorylcholine antibody levels in mice survival. d, Effects on lethality after transfer 

of a mixture of serum derived from WT and E34Δ mice and S. pneumoniae (50 colony-
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forming units) into Rag1−/− mice (n = 3). e, Quantification of EO6/T15 IgM using ELISA 

for serum isolated from WT and E34Δ mice after i.p. immunization with 108 heat-killed 

S. pneumoniae (HKSP) (n = 3). Serum was collected 4 d post-inoculation. Data are 

presented as mean ± s.e.m. Significant differences between WT and E34Δ ELISA data 

were determined using an extra sum-of-squares F test. f, Quantification of EO6/T15 IgM 

using ELISA for serum isolated from WT and E34Δ mice after i.p. immunization with 

108 HKSP (n = 3). Serum was collected 7 d post-inoculation. Data are presented as mean 

± s.e.m. Significant differences between WT and E34Δ ELISA data were determined by 

an extra sum-of-squares F test. g, Strategy to assess lethality of WT and E34Δ mice after 

infection with S. pneumoniae (50 colony-forming units), MRSA (low dose = 0.8 × 108 and 

high dose = 1.7 × 108 colony-forming units) and influenza virus (50 PFU). Data are derived 

from three independent experiments for S. pneumoniae and two independent experiments for 

MRSA and influenza. h, Lethality of WT and E34Δ mice after intravenous infection with S. 
pneumoniae (50 colony-forming units). i. Lethality of WT and E34Δ mice after intravenous 

infection with MRSA (low dose = 0.8 × 108 and high dose = 1.7 × 108 colony-forming 

units). j, Lethality of WT and E34Δ mice after intranasal infection with influenza virus. 

To analyze ELISA data, a four-parameter logistic (4PL) curve regression model was used. 

Significant differences between WT and E34Δ ELISA data (a, b, e, f) were determined 

using an extra sum-of-squares F test. Significant differences in survival in d and h–j were 

analyzed using a log-rank (Mantel–Cox) test. abs, absorbance; i.p., intraperitoneal; NS, not 

significant.
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