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Summary

A generic level of chromatin organization generated by the interplay between cohesin and CTCF 

suffices to limit promiscuous interactions between regulatory elements, but a lineage-specific 

chromatin assembly that supersedes these constraints is required to configure the genome to 

guide gene expression changes that drive faithful lineage progression. Loss-of-function approaches 

in B cell precursors show that IKAROS assembles interactions across megabase distances in 

preparation for lymphoid development. Interactions emanating from IKAROS-bound enhancers 

override CTCF-imposed boundaries to assemble lineage-specific regulatory units built on a 
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backbone of smaller invariant topological domains. Gain-of-function in epithelial cells confirms 

IKAROS’ ability to reconfigure chromatin architecture at multiple scales. While the compaction 

of the Igκ locus required for genome editing represents a function of IKAROS unique to 

lymphocytes, the more general function to preconfigure the genome to support lineage-specific 

gene expression and suppress activation of extra-lineage genes provides a paradigm for lineage 

restriction.

In brief

IKAROS mediates long-distance interactions both within and across domains and compartments 

to assemble a lineage-specific 3D genome organization required for immune cell development and 

function.

Graphical Abstract

Introduction

Emerging evidence connects higher order chromatin structure to temporal and cell type-

specific regulation of gene expression, lineage identity, and cell homeostasis.1,2 Regulatory 

sites, such as enhancers and promoters, are co-assembled in space in a manner that both 

facilitates and restricts their regulation of target genes. These form discrete topologically 

self-associated domains (TADs).3–6 Cohesin complex-mediated loop extrusion contributes 

to TAD formation both by bringing distant sites in proximity where stable contacts may 

form, and more directly when loop extrusion is halted at CTCF bound sites.7–14 CTCF 

structural loops can act as TAD boundaries that are rapidly disassembled when either CTCF 
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or cohesin is depleted11,12,15, albeit with minimal effects on gene expression or regulatory 

site contacts.11,15–17 Thus although cohesin may facilitate regulatory interactions, these may 

also form by cohesin-independent mechanisms.18–22 Interactions between distal genomic 

regions organize chromatin into euchromatic (A) or heterochromatic (B) compartments. 

This process of nuclear compartmentalization is developmentally regulated and correlates 

with epigenetic state, transcription potential of associated genes, lamin association, and 

replication timing.6,23–28 Homotypic interactions between biochemically similar chromatin 

regions are considered a driving force for segregation into A or B compartments with 

positive regulators of this process beginning to be identified.29–31

The developing immune cell system provides a unique opportunity to study how 

regulatory sites scattered over mega-base regions come together to support the gene 

expression and recombination events that define the divergent immune cell fates.32–34 

One of the earliest regulators of lymphoid lineage identity is IKAROS, a zinc finger 

DNA-binding factor encoded by Ikzf1.35–37 IKAROS sets the stage for lymphocyte 

differentiation in multipotent hematopoietic progenitors by priming genes required for 

lymphoid lineage differentiation.38,39 Conditional inactivation of IKAROS after lymphoid 

lineage specification blocks the transition from a highly proliferative large pre-B to a 

quiescent small pre-B cell. Similar developmental effects and gene expression changes 

are seen with either conditional deletion of the IKAROS DNA binding domain or a 

conditional IKAROS null allele.40,41 IKAROS controls B cell differentiation by regulating 

the activity of transcriptional enhancers with distinct lineage affiliations in a reciprocal 

manner, by promoting expression of B cell lineage genes while suppressing extra-lineage 

genes.42 The gene expression defects and block in B cell differentiation occurs despite 

expression and chromatin occupancy by other transcription factors (TFs), critical for B cell 

development.42 Notably, heterozygous mutations that interfere with IKAROS activity are 

frequent in human B cell precursor lymphoblastic leukemias (B-ALL) and are associated 

with poor disease prognosis.43,44 The most frequently reported are deletions that impair 

DNA binding45–48and exert a dominant negative effect on the DNA-binding activity of 

wild-type IKAROS isoforms and IKAROS family members still expressed in these cells 

through dimerization.49–52 IKAROS proteins dimerize and oligomerize making the IKAROS 

gene a prime candidate for regulating chromatin structure and spatial organization.49,53–57

Using complementary chromosome conformation capture (3C) approaches, we interrogated 

the chromatin interactions that control early B cell differentiation. With gain and loss 

of function studies, we show that IKAROS directly and positively configures regulatory 

interactions that presage lymphoid gene expression. IKAROS-enriched enhancer clusters 

make contacts that span CTCF-mediated TAD boundaries to assemble superTAD structures 

that harbor lymphoid-specific genes and maintain euchromatic localization of the associated 

genomic regions.

Results

IKAROS regulation of enhancer-based spatial interactions

Establishing communication between distant regulatory sites may be a key mechanism by 

which IKAROS controls transcriptional programs that support lymphoid cell fate decisions. 
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We tested this hypothesis by performing high-resolution 3C assays in combination with 

gene expression profiling (RNA-seq) and chromatin immunoprecipitations (ChIP-seq) in 

large pre-B cells. These committed B cell precursors that have rearranged the Ig heavy 

chain but not the light chain differentiate to small pre-B cells in wild type (WT) but 

accumulate when IKAROS is deleted (Figures 1A, S1A-B).40,41 IKAROS mutant large 

pre-B cells were generated in vivo after deletion of Ikzf1 exon 5 encoding the IKAROS 

DNA binding domain starting at the common lymphoid progenitor58 (IkE5fl/fl hCD2-Cre: 

hereafter IKDN) (Figures 1A, S1C). This loss-of-function mutation also interferes through 

dimerization with the activity of AIOLOS/Ikzf3 that compensate for loss of IKAROS during 

B cell differentiation.41,42

The differences in 3D chromatin organization associated with IKAROS deficiency were 

assessed using Hi-C and HiChIP (Figures 1B, S1D-E). 1.7B in situ Hi-C valid pair reads 

provided uniform coverage of chromatin contacts genome-wide, while HiChIP experiments 

targeting H3K27ac, CTCF, the cohesin core component SMC1 and IKAROS enriched for 

contacts associated with these factors. Hi-C and HiChIP revealed chromatin organization 

into compartments, TADs, and specific long-range chromatin interactions (henceforth 

referred to as loops) and highlighted striking changes for each of these organizational 

features between WT and IKDN large pre-B cells (Figure 1C). Chromatin loops were 

stratified by annotation of their anchors as promoters (P), enhancers (E), structural (S), or 

other (O) using ChIP-seq datasets (Figures 1B,1D, S1E). Loops identified from different 3C 

techniques showed a high level of overlap and strong peak patterns (Figure S1F). Although 

different 3C approaches enriched for different categories of loops, e.g., H3K27ac HiChIP 

selectively identified loops involving enhancers and promoters, the distribution of loop types 

identified by an approach was similar between WT and IKDN (Figure 1D).

10%−17% of all chromatin loops identified by different 3C approaches were differential 

between the two genotypes and the same loops identified by different methods showed 

concordant changes (Figure 1D). APA and heatmap analysis of Hi-C contact counts 

confirmed that differential HiChIP loops reflect change in contacts and not merely changes 

in the precipitated antigen (Figure 1E). Notably, loops involving enhancers, especially at 

both anchors, were preferentially sensitive to disruption in IKDN across all 3C approaches 

(Figures 1D, S1G). For all 3C experiments, loops were longer-range in WT than IKDN 

suggesting that IKAROS supports longer-distance interactions (Figure 1F).

Loops downregulated in IKDN overlapped loops detected by IKAROS HiChIP in WT 

(Figure 1E). Approximately 80% of the downregulated chromatin loops identified by 

H3K27ac HiChIP had IKAROS at both anchors in WT and the rest had IKAROS at one 

anchor (Figure 1G). Moreover, >50% of these downregulated loop anchors had multiple 

IKAROS peaks in one anchor (Figure 1H). Loss of IKAROS binding from downregulated 

regulatory loop anchors correlated with loss in permissive histone modifications, the cohesin 

loader NIPBL, and SMC1 at these sites (Figure S1H).

Motif analysis of IKAROS peaks associated with downregulated H3K27ac loop anchors 

confirmed binding through cognate IKAROS sites and suggested co-occupancy with other B 

cell lineage TFs (e.g., E2A and EBF1) at a subset of sites (Figure S1I). While EBF1 motifs 
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were enriched at anchors of loops both downregulated and preserved in IKDN, E2A motifs 

were enriched specifically among the downregulated. ChIP-seq of E2A, EBF1 and LEF1 

confirmed their presence at downregulated H3K27ac loop anchors, albeit at a lower level 

relative to IKAROS (Figure S1J). A major fraction (67%) of downregulated CTCF loop 

anchors was also enriched for IKAROS binding but not for other B cell lineage TFs (Figures 

1H, S1J). While in the T cell lineage CTCF was shown to interact with TCF1,59,60 Lef-1, its 

paralog expressed in B cells, showed a modest enrichment at 27 % of the differential CTCF 

loop anchors compared to 20% of unchanged anchors (Figure S1J).

Compared with downregulated chromatin loops, loops induced in IKDN were less likely 

to involve an anchor bound by IKAROS in WT cells (Figure 1G-H). Those that did 

showed a lower level of IKAROS enrichment compared to downregulated loop anchors 

(Figures 1I, S1H). Instead, anchors of loops gained in IKDN were strongly enriched with 

induced extra-lineage TFs42, such as TEAD1, LMO2 and LHX2 (Figure S1J-K). Chromatin 

modifications detected at these anchors in WT suggests priming that is permissive for 

binding of extra-lineage TFs in IKDN with some of these anchors exhibiting erasure of a 

WT Polycomb mark H3K27me3 (Figure S1H).

IKAROS also conferred selectivity for interaction partners. 9.4% of IKAROS-bound 

regulatory anchors from WT loops downregulated in IKDN were assembled with a different 

partner in a de novo loop in IKDN (Figure S1L). Consistent with the role of IKAROS in 

assembling longer-range interactions, the new loop formed in IKDN was shorter than the 

lost WT loop (Figure S1L). This redirection of loop anchors was also observed by CTCF 

HiChIP (21% of anchors) and 12% of this group were structural loops where an anchor not 

bound by IKAROS changed partner (Figure S1L).

Together these high-resolution chromatin organization studies establish a direct role of 

IKAROS in the maintenance and specificity of long-range interactions in WT large pre-B 

cells, particularly those that involve enhancers.

Control of B cell identity by IKAROS-dependent chromatin organization

Differential analysis of gene expression identified 1,254 upregulated and 404 downregulated 

genes in IKDN large pre-B cells (Figure 2A). Among genes exclusively associated with an 

up or down E-P contact (H3K27ac HiChIP), there was high concordance between loss or 

gain of loops and gene expression (Figures 2A-B, S2A). Genes downregulated by loss of 

IKAROS were enriched for functional pathways that support B cell differentiation (Figure 

2C). Of the 404 genes downregulated in IKDN, 367 had a loop to the promoter in WT 

cells. Of these, 53% were associated with loss of a promoter contact in IKDN and an 

additional 28% had loss of a loop to an anchor that also contacted the promoter in WT 

(Figure 2B). CTCF HiChIP revealed a similar albeit smaller overlap of downregulated genes 

with WT-specific CTCF loops (Figure S2A-C).

Many genes whose expression was unchanged by IKAROS deletion were associated with 

differential loops. Analysis of their expression during hemo-lymphopoiesis61,62 revealed 

10 clusters (Figure 2D). In addition to genes upregulated at the pre-B cell stage and 

sustained or downregulated in subsequent developmental stages (clusters 1–3), three clusters 
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(4–6) expressed predominantly in mature B cells included “poised” and “primed” genes 

with no and low expression in pre-B cells respectively. A fourth category represented 

lymphoid lineage genes not expressed in B cells (clusters 8–10). These were likely 

primed at the chromatin level in multipotent progenitors for later expression in non-B cell 

lymphoid lineages that maintained long distance interactions in WT pre-B cells after lineage 

divergence. GO analysis of the clusters supports their inferred affiliation with hematopoietic 

lineage branches (Figure S2D).

Blk, required for pre-BCR signaling63, illustrates the effects of IKAROS loss (Figure 

2E). Interactions between a cluster of enhancers, identified in WT, were lost in IKDN 

as were enrichment for H3K27ac, NIPBL and SMC1 at regulatory sites, the elongation 

mark H3K36me3, and Blk mRNA expression (Figure 2E). CTCF loops were lost despite 

minimal change in CTCF occupancy, although SMC1 binding was reduced at most anchors 

and NIPBL was reduced at internal regulatory sites. At the Rag1/2, Ahr, Jchain, Ms4a 
and TCRγ loci, a cluster of IKAROS-enriched sites connected enhancers, promoters and 

CTCF sites despite lack of transcriptional activity (Figures 2E, S2E). Loss in H3K27ac, 

reduction in NIPBL/SMC1 and the minimal change in CTCF occupancy correlated with lost 

interactions between regulatory and/or CTCF sites and a change in compartment affiliation.

GO terms for the 1254 genes upregulated in IKDN included focal adhesion and tissue 

morphogenesis (Figure 2C). Examples were Trio, ATP82a, Nav2, Kcnma1, Lpl and Abca1 
implicated in focal adhesion dynamics64,neurodevelopmental disorders, channelopathies, 

and lipid metabolism65–69 (Figure 2A). 1021 of these genes had a P-E contact detected in 

IKDN, and of these 53% were associated with a novel regulatory loop to the promoter and 

an additional 27% had a novel loop to an anchor that contacted the promoter. IKAROS 

was not detected in WT cells at many of the IKDN-specific loop anchors associated with 

upregulated genes, indicating an indirect role of IKAROS loss in their induction (Figures 2F, 

S2F).

Thus, both priming and expression of lymphoid-specific genes correlated with establishment 

of a permissive chromatin landscape and 3D organization that involved spatial contacts 

between enhancers, promoters and structural sites, topological features that were dependent 

on IKAROS. Induction of de novo chromatin topological features upon IKAROS loss related 

in part to repurposing of regulatory sites normally bound by IKAROS and in part to indirect 

mechanisms.

Cross-boundary enhancer interactions organize lineage-specific TADs

IKAROS loss led to substantial changes in TAD organization. 22% of TADs in WT were 

either split or merged in IKDN and the boundaries of another 18% were shifted (Figures 

3A, S3A). WT-specific TADs that split into smaller TADs in IKDN were on average twice 

the size of invariant TADs, suggesting that they were composed of two underlying TADs 

connected by IKAROS-dependent contacts that spanned a common border (Figures 3A, 

3B:1). Consistent with this idea of a cryptic TAD boundary, 97% of the CTCF loops 

connecting the boundary anchors in the split TADs in IKDN were also present in the merged 

wild-type TADs. Filtering differential aggregate TAD analysis (ATA) to identify WT TADs 

split in IKDN with lost boundary-spanning contacts in IKDN revealed that this was the 
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dominant mechanism (55%) of TAD splitting (Figures 3B:2, S3B:2). The inverse process 

was different mechanistically. Assembly of new loops spanning the WT TAD borders to 

join them in a merged TAD in IKDN was largely absent and weakening of boundary region 

interactions within the WT TADs dominated the pattern (Figure 3B:3, S3B:3). The Igκ 
locus provided examples of both TAD splitting and merging between the two genotypes 

(Figure 3C). Changes in TAD configuration were associated with extensive loss in inter- and 

intra-TAD interactions. Examples of lineage-specific TADs that split or merged in IKDN 

respectively are also shown for Ms4a and Ptpre (Figure S3C). Other TADs identified in WT 

cells displayed a change in interactions that redefined one of their boundaries in IKDN. 

Boundary contractions in IKDN were driven by loss of contacts that spanned an internal 

structural anchor to connect to the boundary region. In their absence the internal structural 

anchor became the new boundary (Figures 3B:4, 3D, S3C). Boundary expansions showed a 

more complex pattern of changes across the TAD (Figure S3B:4).

CTCF loop anchors can constrain interactions across them and play a significant role 

in TAD organization and boundary insulation. Anchors bound only by CTCF, whether 

assembled in differential structural (S-S) or hybrid (S-E, S-P) loops, exhibited strong 

insulating activity in both WT and IKDN (Figure 3E). In contrast, numerous interactions 

across enhancer-containing CTCF anchors were observed, indicating a role of enhancers 

in countering CTCF-mediated insulation (i.e., conduction) to allow long-range interactions 

between adjacent regions. This property was not specific to IKAROS-bound enhancer 

anchors as the newly formed hybrid loops in IKDN exhibited conduction across enhancer/

CTCF anchors as well (Figure S3D). However, both the number of long-range interactions 

and the distance between contact points were greater across the IKAROS-bound enhancer/

CTCF anchors. Enhancer anchors of downregulated H3K27ac loops without CTCF showed 

a dominant enrichment of long-range interactions spanning them (Figure 3F). This pattern 

was reduced at anchors that also bound CTCF, but a positive observed/expected ratio 

indicated a lack of effective insulation at these sites (Figure 3E-F). In contrast to enhancers, 

promoter anchors centered only short-range interactions, which were diminished by CTCF 

and eliminated by assembly with a second CTCF anchor (Figures 3E-F, S3E). Thus, 

enhancers can counteract insulating effects of CTCF-bound sites, and enhancers bound by 

IKAROS are particularly potent at doing so.

IKAROS loss also resulted in disruption and reconfiguration of some CTCF structural loops 

(Figures 1D, 3G). CTCF levels did not change at the anchors of downregulated structural 

loops and IKAROS was not present at these sites in WT (Figures 3H:S-S, S3G). However, 

all of these structural loops (n=699) spanned an enhancer that was inactivated by IKAROS 

removal. The internal enhancers that showed loss of H3K27ac also showed high levels of 

SMC1 and NIPBL in WT that were lost in IKDN (Figure 3H:E). This and the lack of NIPBL 

at structural anchors suggests that reduced cohesin loading at internal enhancers leads to the 

observed reduction of cohesin at the CTCF anchors and weakening of these structural loops. 

The Blk locus (Figures 2D, 3D) illustrates that lost CTCF structural loops show no change 

in CTCF at their anchors but loss of H3K27ac, NIPBL and SMC1 at internal enhancers. 

CTCF was also unaffected at disrupted hybrid and regulatory loop anchors, but IKAROS 

was enriched at the enhancer and promoter anchors and its loss correlated with reduced 

H3K27ac, NIPBL and cohesin levels consistent with a direct role in loop assembly (Figure 
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S3F). In contrast to disrupted loops, both the structural and regulatory anchors of new CTCF 

loops in IKDN showed increase in both CTCF and cohesin occupancy (Figure S3F).

Taken together our studies demonstrate two ways in which IKAROS functionally interacts 

with cohesin-CTCF to organize chromatin. IKAROS binding at internal enhancers is 

necessary for cohesin loading required for maintenance of CTCF structural loops whose 

insulating properties are one component of TAD formation. IKAROS is also effective at 

overcoming CTCF insulating effects to assemble interactions that cross over CTCF-defined 

boundaries. These two activities based on IKAROS’ presence at the same enhancers 

combine to superimpose a lineage-specific TAD organization on a backbone of invariant 

structural loops (Figure 3I).

Long-range regulatory loops control lineage-specific nuclear compartmentalization

IKAROS loss influenced segregation of domains into nuclear compartments. ~10% (2402 

100kb bins) of the genome showed a significant change in compartmental affiliation score 

with 3% and 3.5% showing a switch from A-to-B or B-to-A, respectively (Figure 4A). 

Overall, nearly half of the significant heterochromatic shifts (515/1106) overlapped a 

downregulated H3K27ac or CTCF loop (Figure 4B). IKAROS appeared to play a direct 

role in maintaining these regions in euchromatin since virtually all the H3K27ac and 90% 

of the CTCF downregulated loops had IKAROS bound at one or both anchors (Figure 1G). 

IKAROS also indirectly regulates the heterochromatic compartment and novel loops formed 

in its absence were associated with a shift towards euchromatin.

Although most (~80%) differential regulatory loops were interactions within one A 

compartment (intra), 12% represented interactions between non-adjacent A compartments 

(Figure 4C). These inter-compartmental regulatory loops lost in IKDN were higher in 

frequency by 2-fold compared to the same type of regulatory loops induced in IKDN. This 

and the fact that a greater number of long-range loops (>600kb) are lost than formed in 

IKDN suggest that IKAROS’ contribution to assembling loops may include a mechanism 

that overcomes impediments to loop formation between discrete compartmental domains 

(Figure 4C, S4C).

The Immp2l region illustrates the flip to heterochromatin that occurs when IKAROS-

dependent enhancers are decommissioned and associated long-range (>500kb) regulatory 

loops are lost in IKDN (Figure 4D). At the Fto locus, specific loss of an H3K27ac IKAROS-

enriched peak and its inter-compartmental contacts flips an isolated euchromatic island 

(92.9Mb) to heterochromatin while another such island (92.3Mb) with no loss of loops 

stays euchromatic. These examples and genome-wide prevalence of such cases suggest that 

long-distance interactions between lymphoid-specific enhancers bound by IKAROS keep the 

associated regions affiliated with euchromatin (Figure S4D).

IKAROS maintains lineage-specific chromatin architecture during B cell differentiation

The effects of IKAROS deletion in pre-B cells could be secondary to developmental effects 

as Cre recombinase activity initiates at the CLP stage (Figure 1A). However, deletion of 

the IKAROS DNA binding domain in WT large pre-B cell cultures (Figure 5A) had similar 

effects on chromatin structure and organization to those observed in vivo (hereafter “steady 

Hu et al. Page 8

Cell. Author manuscript; available in PMC 2024 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



state”). WT IKAROS protein was undetectable 2 days after Rosa26-Cre-ERT2 induction. 

HiChIP at d3 identified early responses after several rounds of cell division in the absence 

of IKAROS and at d12 and d18 approximate final configurations for different aspects of 

chromatin structure and organization (Figure S5A). Virtually all of the differential loops 

identified in vitro showed concordant changes in contact strength in steady state (WT 

vs IKDN; Figure 5C) and most of those identified in steady state (Figure 5D) showed 

the expected change in vitro, confirming that these are mainly expeditious responses to 

IKAROS removal rather than a developmental defect. Similar to steady state, enhancers 

were substantially overrepresented in anchors of differential regulatory loops identified in 
vitro (Figure 5B). The changes in regulatory loops after either in vivo or in vitro IKAROS 

deletion were confirmed by APA plots of Hi-C data from both systems (Figure S5B-E).

In vitro deletion allowed timing of changes after IKAROS depletion. For almost all the 

differential loops identified at d12 change was detectable at d3 although it did not reach the 

threshold for loop call (Figure 5C). In the steady state, the correlated change of regulatory 

loops with local loss or gain of H3K27ac and other histone modifications links loop 

formation to enhancer commissioning (Figure S1H). The differential loop anchors identified 

in steady state were clustered according to their temporal behavior after in vitro IKAROS 

deletion and classified as slow, intermediate, or fast, based on interaction strength at d3 

relative to d12 (Figure 5E). Loops fully established at d3 showed on average only 14% of the 

final H3K27ac gain at their anchors, and loops broken by d3 showed only 43% of the final 

reduction of H3K27ac. Inspection of individual loops suggested that these aggregate figures 

reflected a range of behaviors. To confirm this, we analyzed the H3K27ac peak heights at 

both anchors of all downregulated loops at d3 (Figure 5F). While 57% showed a significant 

change in acetylation peak in at least one anchor, 22% showed no detected change at either 

anchor. Thus, although changes in H3K27ac are often concomitant with loop changes, they 

are not obligatory for them (e.g., Figure S5G).

Genomic regions that underwent a compartmental change after IKAROS deletion in vivo 
exhibited a consistent change in compartmental score after deletion in vitro (Figure 5G). A 

to B transitions observed in steady state were detected at day 4 and further decreased to a 

negative value by day 18. B to A transitions occurred more slowly with smaller changes 

seen at day 4 but increasing scores at d12–18 (Figure S5F). This is consistent with the slow 

increase to histone acetylation levels that may promote a switch in compartment affiliation 

through homotypic interactions. Thus, the compartmental changes observed in steady state 

experiments initiate rapidly in response to IKAROS removal and continue to consolidate as 

3D contacts and changes in the 1D chromatin landscape evolve over the ensuing period.

Genes exhibiting different orders of change are shown (Figure 5H-I, S5G-H). Inter-

compartmental interactions associated with the Tgfbr2 locus are lost when IKAROS is 

deleted despite maintenance of euchromatin and H3K27ac at the anchors (Figure S5G). 

The Nrxn1 gene resides in an A compartment with both intra-and inter-compartmental 

interactions in WT cells (Figure 5H). For this locus, H3K27ac levels persisted to an extent 

at d3 after deletion but some loops were lost with accompanying change in compartmental 

affiliation. Loss of strong interactions between the constituent enhancers70 of two IKAROS-

enriched super-enhancers of the Igλ locus was matched by H3K27ac loss at d3, while other 
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loops were lost despite persistence of strong H3K27ac peaks (Figure 5I). The Ahr locus 

exhibits a decrease in regulatory loops and loss in A compartment affiliation, but in this case 

H3K27ac loss, loop breakage and compartment changes are closely correlated across the 

time course (Figure S5H).

Thus, IKAROS is required to actively maintain lineage-specific fine- and higher-order 

genome organization during early B cell differentiation by controlling enhancer interactions 

that mediate chromatin folding into domains and compartments (Figure 3I, S4D). Both 

formation and disruption of physical interactions between regulatory sites caused by 

IKAROS removal can precede changes in permissive chromatin marks.

IKAROS controls chromatin structure, organization, and locus contraction at the Igκ locus

Lymphocytes generate the capacity to respond to diverse antigens by genomic rearrangement 

that combines one element from an array of genetically related but functionally distinct 

variable segments with one of a small number of junctional segments and the constant 

region. In WT large pre-B cells, the 3.2MB Igκ locus is poised for recombination by 

assembly into a highly contracted configuration (Figures 3C, 6A-B, S6A). Three large 

topological domains, 700–2200 kB in size, harbor 100 Vκ regions (Figure 6A). The five 

Jκ regions that constitute the recombination center (RC) and the Cκ region reside within 

a 95kb boundary domain (the RC domain) within TAD-C (Figure 6A-C). In addition to 

extensive intra-domain contacts, the three topological domains show extensive inter-domain 

interactions that configure a 3.6MB superTAD (Figures 6A, S6A). FISH imaging with 

probes derived from the distal Vκ and Cκ confirmed the spatial proximity of the two ends 

of the locus in WT and demonstrated that removal of IKAROS and the loops sustained by it 

resulted in de-contraction that eliminated that close spatial association (Figure 6D-E).

IKAROS binding was seen at numerous active enhancers that anchored both intra- and 

inter-TAD interactions (Figure 6B). These included the well-characterized Igκ iEκ, 3’Eκ, Ed 
and HS10 elements (Figure 6C).71–77 These conserved enhancers form an 83kb IKAROS-

enriched super-enhancer (RCSE) in WT and engage in long-range interactions with other 

upstream IKAROS-enriched enhancers located in the three Vκ-containing TADs (Figure 

6B-C). As H3K4me3 enrichment at the RC is required for RAG1/2 recruitment78, its 

absence is consistent with lack of Igκ recombination despite Rag1/2 expression in WT large 

pre-B cells. Induction of differentiation by IL-7 withdrawal induced both H3K4me3 over 

the RC and V-J rearrangements (Figures 6C, S1B). Thus, despite lack of active promoters 

and transcriptional activity in the WT large pre-B cell, the Igκ locus is pre-assembled by 

numerous long-distance interactions anchored at IKAROS-enriched active enhancers and 

poised for recombination.

Loss of IKAROS caused loss of interactions observed by all 3C approaches, including loops 

within and between TADs (Figure 6A-B, S6A-B, 3F). Lost interactions correlated with 

loss in H3K27ac and NIPBL/SMC1 and occurred despite little change in CTCF occupancy 

(Figure 6B-C, S6A-B). Notably, the RC domain anchored ~1/4 of all IKAROS-dependent 

enhancer loops and ~2/3 of the longer-range (> 0.9MB) enhancer loops lost at the Igκ locus 

in IKDN (Figure S6B-C). Loops connecting the RCSE cross over the CTCF-based structural 

Cer-Sis elements,79,80and upstream TAD boundaries, to connect to Vκ enhancers up to 
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2.5Mb upstream (Figure 6B-C, S6C). These include loops that assemble the RCSE with the 

E88 and E34 enhancers.81,82 Inducible deletion of IKAROS confirmed IKAROS’ active role 

in maintaining Igκ locus organization (Figures 6B, S6B-C, S6D). Loop changes identified 

by CTCF HiChIP were mostly complete by d3 and were not associated with loss of CTCF 

binding (Figure 6B). Many regulatory loops identified by H3K27ac HiChIP were also lost 

by d3, but loss continued through d12 and was confirmed by Hi-C contacts obtained after in 
vitro deletion (Figure 6A-B, S6A-B, D).

Most variable regions switched from euchromatin to heterochromatin in IKDN (Figure 

6A-B, S6A). The switch correlated with loss of regulatory loops both within and across 

the Vκ−containing TADs. A small domain near the boundary of each WT variable region 

TAD remained euchromatic in IKDN, bracketing the large heterochromatic domains of 

the variable region in the de-contracted Igκ locus. These euchromatic regions displayed 

continued enrichment for the B cell lineage-specific TFs E2A, PAX5, IRF4 and EBF1 

in IKDN at enhancers although H3K27ac was diminished at these sites (Figure 6C, 

S6B). These factors may contribute to residual long-range interactions and euchromatic 

localization of these regions in IKDN, but they are not sufficient for contraction of the Igκ 
locus or euchromatic retention.

IKAROS, by establishing long range interactions between active enhancers, organizes the 

locus into a configuration that supports deployment of the full range of Vκ rearrangements 

required for the generation of an effective humoral immune system.

Chromatin re-organization in skin epithelial cells.

From loss of function, we infer that IKAROS binds to and assembles regulatory sites 

in 3D space to generate and maintain a chromatin conformation that is permissive for 

lineage-appropriate gene expression. These inferences and the sufficiency of IKAROS to 

exert these functions outside the hemo-lymphoid system were tested by gain-of-function. 

IKAROS expression was induced in HaCaT, a human skin epithelial cell line, and these were 

profiled 1–3 days later using 3C, ChIP-seq and RNA-seq (Figure 7A).

Interactions between enhancers (E-E) or enhancers and promoters (P-E) dominated both 

up and downregulated H3K27ac HiChIP loops as seen in lymphocytes (Figure 7B, 1D). 

Most of induced H3K27ac HiChIP loops (8380/10962) at d3 were bound by IKAROS 

in at least one anchor and were supported by changes in Hi-C contacts as early as d2 

(Figures 7B, S7A). Motif analysis of IKAROS peaks at upregulated H3K27ac loop anchors 

confirmed binding through cognate sites and suggested co-occupancy with AP1 and RUNX 

(Figure 7C). Consistent with IKAROS’ role in longer-range loops in lymphocytes, induced 

loops with IKAROS at their anchors were on average larger than induced loops without 

(Figures 7D, 1F). Changes in compartment affiliation were detected two days after IKAROS 

induction (Figure 7E). Most were B to A transitions, and these euchromatic shifts were 

selectively enriched for IKAROS peaks and for induced H3K27ac and CTCF HiChIP loop 

anchors (Figures 7E-F, S7B).

Induction of IKAROS in HaCaT cells caused rapid downregulation of genes active in 

keratinocytes and associated pathways as early as d1 (Figure S7C-D). Genes associated 
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with neuronal functions were prominent among upregulated genes and ~58% of upregulated 

genes were associated with induced regulatory loops. ZEB1 is not expressed in keratinocytes 

but is expressed in the CNS and in T cells.83,84 It resides in heterochromatin in HaCaT 

and is not involved in loops. IKAROS bound to H3K4me3-enriched ZEB1 promoters and 

generated loops among them, observed by HiChIP and Hi-C (Figure 7G). Little or no change 

in H3K27ac and CTCF binding at the novel anchor sites was observed despite robust loop 

formation but ZEB1 shifted to weaker heterochromatin. The axon guidance gene ROBO1 
resides in a B compartment in HaCaT prior to IKAROS expression. IKAROS bound to the 

ROBO1 promoter and an array of intragenic enhancers that exhibited increased H3K27ac 

and SMC1. These elements and flanking structural sites not bound by IKAROS were 

assembled into novel loops as the locus switched to an A compartment and gene expression 

was induced (Figure 7G).

Although IKAROS ectopic expression does not confer lymphoid lineage identity to these 

ectodermal cells, it does organize a subset of lymphoid-specific genes in a lymphoid 

chromatin conformation (Figures 7H, S7E). Genes that support lymphoid cell functions 

showed priming of a permissive chromatin environment, newly assembled chromatin loops 

and in some cases, induced expression. CXCR4 and the linked CD28 and CTLA4 genes 

are expressed in pre-B cells and T cells respectively even though they exhibit extensive 

IKAROS-dependent contacts in pre-B cells (Figure S7E). In HaCaT, IKAROS bound to 

and promoted contacts between enhancers spanning the CD28 gene that resides in weak 

heterochromatin with concomitant strengthening of structural loops spanning the region, and 

a flip to euchromatin in the absence of H3K4me3 at promoters or induced gene expression. 

However, it did not access the IKAROS loop anchor sites observed in pre-B cells that 

surround the adjacent CTLA4 gene, which resides in stronger heterochromatin in HaCaT, 

or assemble loops involving this region. The IGK locus is buried in heterochromatin in 

HaCaT. While most of the contacts across the locus detected in pre-B cells remained absent, 

IKAROS was able to assemble the short-range contacts in the RC region that resides at the 

edge of the heterochromatic domain (Figure 7H). IKAROS bound to conserved enhancers 

including iEκ, H3K4me1 and SMC1 peaks were increased, and de novo regulatory and 

structural loops were assembled.

Two observations of note are shared by these examples. First, many of the loops assembled 

by IKAROS on lymphoid-specific genes in HaCaT are very similar to those observed in 

large pre-B cells. Figure S7E compares the loop structure in mouse pre-B cells and human 

HaCaT cells for two examples. The IKAROS peaks associated with anchor elements in 

contact in mouse pre-B cells and assembled in the induced loops in HaCaT are bound at 

homologous stretches of DNA in both cell types. Some of these loops were not attenuated 

in IKDN pre-B cells even though IKAROS is bound to them in pre-B cells and capable 

of assembling them in HaCaT. Second, in many examples, IKAROS formed new loops in 

weaker heterochromatin in HaCaT but did not assemble nearby sites that it binds to in pre-B 

cells when these had a stronger heterochromatin affiliation. In aggregate, newly assembled 

IKAROS anchors were largely restricted to euchromatin or weak heterochromatin.

In sum, IKAROS gain-of-function in cells where it is not normally expressed confirmed 

the ability of IKAROS to promote interactions between distant enhancers and promoters 
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and CTCF structural sites and confer euchromatic localization to regions associated with 

induced loop anchors. When those activities were exerted at genes normally expressed in 

lymphocytes but not keratinocytes, IKAROS often bound to homologous regulatory sites 

and generated similar chromatin contacts.

Discussion

Assembly of a lymphoid lineage-defining chromatin architecture.

These observations document the capacity of IKAROS to assemble loops required for 

pre-B cell gene expression, its physical presence at loop anchors associated with much 

of the B cell lineage gene signature, and its ongoing requirement to maintain the pre-B 

cell configuration at multiple scales of chromatin structure. For actively expressed genes, 

these IKAROS-dependent contacts promote expression, for inactive genes, IKAROS loops 

maintain a poised state in accessible chromatin. While derived from an intermediate point 

in the lineage, several observations imply that IKAROS configures the genome earlier in 

the lineage, possibly in the HSC, and actively supports differentiation during progression 

through it. The genes associated with IKAROS-dependent loop anchors include those 

expressed in earlier progenitors but no longer required by the pre-B cell stage, and genes 

required in other branches of the lymphoid lineage that are not expressed in the B cell 

branch.

In ectopic expression studies, IKAROS could assemble lymphoid-specific loops between 

sites in euchromatin and shallow heterochromatin but not deep heterochromatin. It also 

assembled lymphoid lineage contacts that did not require IKAROS’s continued presence to 

maintain them in pre-B cells. Both observations, and the widespread presence of IKAROS at 

loop anchors that remain in contact after IKAROS depletion suggest that IKAROS may act 

early in the lineage when lymphoid genes remain in accessible chromatin. While many 

critical B cell genes require sustained IKAROS activity to maintain their accessibility 

and function, the initial configuration constructed by IKAROS in early progenitors, 

particularly at the order of TADs and compartments, may permit other lineage TFs, induced 

subsequently, to maintain many contacts and restore them after replication in the absence 

of IKAROS. The architecture assembled by IKAROS imparts the ability to contribute 

to alternative lineage choices in a multi-potent hemo-lymphoid progenitor. In contrast, 

IKAROS’ normal role in the ectodermal lineage is late and restricted to terminal branches of 

the lineage arbor. The selective upregulation of neuronal genes when IKAROS is expressed 

in keratinocytes may reflect lineage-appropriate access to these sites and the presence of 

cooperating TFs.

The suppression of chromatin configurations that support alternative lineages may be as 

important to lineage fidelity as the construction of lymphoid-appropriate contacts. Some 

of that suppression is direct, as many sites bound by IKAROS in WT assemble with 

new partners in IKDN. Some reflects the fact that an IKAROS assembled configuration 

constrains other interactions, as demonstrated by the many loops broken by forced IKAROS 

expression that do bind IKAROS at either anchor. This conformational restraint may 

contribute to a third mechanism whereby IKAROS represses the expression of DNA binding 

factors not normally expressed in pre-B cells that support assembly of novel chromatin 
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contacts in the deleted cells when expressed.42,85–87 While the relative contributions of 

these mechanisms remain unclear, the striking fact is that the configuration of a lineage-

appropriate genomic architecture includes the widespread suppression of contacts that 

would promote lineage-inappropriate gene expression. This activity to ensure lineage 

fidelity is important for normal development and its absence contributes to the pathological 

consequences of IKAROS loss. The frequent presence of IKAROS mutations in B-ALL 

and their association with poor prognosis can be attributed in part to the derepression 

of extra-lineage survival pathways that allow escape from the feedback mechanisms that 

regulate normal pre-B cells.

Mechanisms by which IKAROS configures the genome for lymphoid gene expression.

These results suggest the direct effects of IKAROS on genome configuration are mediated 

by binding to its cognate sites, particularly at enhancers and that most IKAROS-dependent 

loops positively influence either expression of actively transcribed genes or a poised 

configuration for future expression. Motif analysis and ChIP-seq studies revealed co-

occupancy of other B lineage factors but these were not obligatory partners for IKAROS 

in either loop formation or stimulation of transcriptional activity.

IKAROS homotypic interactions are required for DNA binding, and IKAROS proteins are 

assembled in chromatin remodeling complexes with multiple IKAROS molecules.49,53,54 

These self-associative properties and the frequent presence of IKAROS peaks at 

both anchors of regulatory loops lead us to speculate that multivalent IKAROS 

complexes directly mediate contacts between apposed cognate DNA sites. Higher-

order local concentrations of IKAROS proteins are observed in the nucleus by 

immunohistochemistry88,89, suggesting additional mechanisms such as phase separation 

by which IKAROS proteins may be co-segregated to promote assembly of interacting 

regulatory sites into 3D superclusters.

The activities of IKAROS to configure the genome must be considered in the context of 

the cohesin loop extrusion and CTCF blockade mechanisms. IKAROS cooperates with this 

system in two ways. IKAROS bound at internal enhancers is associated with increased 

occupancy of the cohesin loader NIPBL and higher levels of cohesin at these sites. In 

its absence, cohesin loading internal to the structural anchors is diminished. This in turn 

can lead to decreased accumulation of cohesin at the structural anchors and disruption of 

the structural loop, despite no change in CTCF occupancy and no presence of IKAROS 

peaks at structural sites. The abundant regulatory contacts associated with IKAROS within a 

TAD may also depend on loop extrusion to bring regulatory anchors into apposition where 

interactions between IKAROS molecules may directly stabilize contact.

While the dominant role of IKAROS in maintaining the polarized interactions within TAD 

boundaries may be shared with other TFs that regulate 3D chromatin structure, a noteworthy 

aspect of IKAROS activity was evasion of the mechanism by which CTCF structural 

anchors constrain chromatin interactions within structurally defined TADs. The dramatic 

changes in TAD structure that occurred upon loss of IKAROS were not caused by the 

appearance of novel loops between CTCF anchors to define a new boundary. Instead, these 

CTCF loops were present in wild type, but the TAD boundary was rendered cryptic by 
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enhancer contacts spanning the boundary. Loss of IKAROS removed these loops to reveal 

the underlying TAD structure.

This capacity of IKAROS-bound enhancers to assemble contacts over long-intervening 

stretches of DNA that can span strong CTCF structural loop anchors and also 

connect anchors in different euchromatic domains separated by intervening stretches of 

heterochromatin suggests that cohesin is not directly responsible for the generation of this 

class of loops. Instead, although cohesin assembled structural loops may bring DNA anchors 

in rough proximity, the physical association of these sites relies on IKAROS. As suggested 

by the model in Figures 3I and S4D, successive formation of stabilized regulatory contacts 

anchored in different structural loops both brings adjacent sites into proximity (zippering) 

and drives the formation of superclusters of IKAROS-bound sites which may then contribute 

to the strength of self-associative forces to attract additional elements including those 

separated by flanking stretches of heterochromatin.

While we postulate a direct role for IKAROS in mediating stable DNA contacts, we cannot 

exclude an indirect mechanism by which changes in histone marks after IKAROS loss cause 

changes in 3D contacts. However, based on the small average H3K27ac change at time 

points when loops are gained or lost and on inspection of examples spanning a range of 

behaviors, we conclude that although the accrual or loss of permissive marks associated 

with enhancer commissioning is correlated with changes in chromatin loops, the lack of 

an obligate order suggests that their interdependence does not reflect a strictly hierarchical 

mechanistic link. Assembly of loops in HaCaT cells in the absence of changes in histone 

marks further support that conclusion. Similarly, changes in compartment affiliation could 

occur rapidly and before histone changes were detected. Thus, although IKAROS can 

support changes in permissive histone modifications at chromatin loop anchors it may 

also operate independently to promote their spatial contact. Similarly, heterochromatin 

segregation and consolidation may be driven by spreading epigenetic marks, but this 

mechanism can be counteracted by IKAROS-mediated loop assembly to anchor otherwise 

susceptible regions into euchromatin.

The Igκ locus illustrates the effect of IKAROS-based interactions at different levels of 

chromatin organization. The remarkable contraction of this locus may be attributed to 

the reiterated Vκ regions which result in an extremely dense cluster of IKAROS-bound 

enhancers whose extensive contacts suggest a hierarchical assembly into superclusters. 

Abundant IKAROS-mediated interactions between these superclusters and the super-

enhancer at the RC ignore TAD boundaries to assemble the locus into a highly compact 

euchromatic structure that allows deployment of the full repertoire of Vκ regions.90,91 

The sustained binding of B cell lineage TFs and CTCF could not maintain this compact 

architecture when IKAROS was removed.

Conclusions

IKAROS is not unique in its capacity to overcome the insulating effects of CTCF and 

assemble domains that harbor lineage-specific genes59. It is notable in its capacity to do so 

from enhancers, across great distances and intervening regions of heterochromatin, and for 
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the scope of its activity to pre-configure so much of the genome at the base of the lineage 

to enable the different branches of lymphoid development. IKAROS’ possible cooperation 

with factors such as TCF1, E2A or EBF1 to refine this configuration in its ongoing role as 

lineal branches diverge merits investigation. These observations provide a paradigm for how 

lineage-defining DNA binding proteins can direct the machineries that configure the genome 

in nuclear space to specify lineage potential and guide appropriate development along its 

divergent branches.

Limitations of the study

The aggregate analyses may obscure heterogeneous mechanisms and behaviors that are 

locus- or subset-specific. We mitigate this by stratification of organizational elements, 

temporal analysis, and direct evaluation of individual loci. These studies, while an accurate 

characterization of “acute” responses, are limited by the temporal resolution of induced 

genetic deletion.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Katia Georgopoulos 

(katia.georgopoulos@cbrc2.mgh.harvard.edu)

Materials availability—All plasmids and cell lines generated in this study are available 

from the lead contact without restriction.

Data and code availability

• All sequencing data were deposited at NCBI Gene Expression Omnibus (GEO) 

and are publicly available as of the date of publication. Accession numbers 

are listed in the key resources table. Original western blot images have been 

deposited at Zenodo. The DOI is listed in the key resources table. Microscopy 

data reported in this paper is available from the lead contact upon request.

• All original code is publicly available in GitHub. Links to Github and all 

software used as described in the STAR Methods are listed in the key resources 

table. A static snapshot of all original code has been deposited at Zenodo and 

is publicly available as of the date of publication. The DOI is listed in the key 

resources table.

• Additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—The IkE5fl/fl mouse line was generated by insertion of loxP sites flanking Ikzf1 
exon 5 by a standard gene-targeting method 41. The hCd2-Cre transgenic line (Strain 

#:027406), and the Rosa26-Cre-ERT2 (Strain #:008463) mice were purchased form the 

Jackson Laboratory. All mice were bred and maintained under pathogen-free conditions with 
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antibiotics (Equisul-SDT 1:100) in water under standard husbandry conditions in the animal 

facility at Massachusetts General Hospital (building 149–8). At the time of analysis, mice 

were 6–10 weeks of age, healthy, tested naïve, and not involved in any previous procedure.

WT, IkE5fl/fl CD2-Cre and IkE5fl/fl Rosa26-ERT2-Cre mouse strains were used for isolation 

of bone marrow large pre-B cells. WT and IkE5fl/fl large pre-B cells deleted during B 

cell development using CD2-Cre were prepared from two female (WT_R1& IKDN_R1) 

and two male mice (WT_R2 & IKDN_R2). Large pre-B cells used for in vitro IKAROS 

deletion were prepared from two male IkE5fl/fl Rosa26-ERT2-Cre mice. No difference in 

phenotypes described in this study were observed between male and female mice. All animal 

experiments were done according to protocols approved by the Subcommittee on Research 

Animal Care at Massachusetts General Hospital (Charlestown, MA) and in accordance with 

the guidelines set forth by the National Institutes of Health.

Large pre-B cell culture—Experiments were performed with large pre-B cells (sorted 

from two male and two female mice as described above) that were WT or conditionally 

deleted for the IKAROS DNA binding domain during B cell development (IkE5fl/fl 

CD2-Cre, n = 2 biological replicates). WT and IkE5Δ/Δ large pre-B cells (also referred 

to as IKDN) were sorted and cultured with OP9 stroma in DMEM (D-5671; Sigma) 

supplemented with 10% FBS (2442; Sigma), 10 mM HEPES (156–30-80; Gibco) 1× 

Glutamax (35050–062; Gibco), 1mM sodium pyruvate (11360–070; Gibco), 50 Units/ml 

penicillin, 100 μg/ml streptomycin, 50 μM 2-mercaptoethanol and 5ng/ml IL-7 at 37°C. 

Stroma adherent large pre-B cells from WT or IKDN cultures were detached with 0.2% 

trypsin (EDTA free) for 2 minutes at room temperature. Large pre-B cells were ~ 99% 

of the cells in suspension as determined by flow cytometry. To investigate the effects 

of IL7 withdrawal-induced pre-B cell differentiation on Igκ recombination and histone 

modifications, WT large pre-B cells were first cultured in the presence of 5ng/ml IL7, then 

the culture medium was replaced with ‘IL7-’ medium and cultured for 1–2 days.

The IKAROS DNA binding domain was also deleted in vitro in pre-established WT large 

Pre-B cell cultures. WT large pre-B cells were sorted from IkE5fl/fl Rosa26-ERT2-Cre mice 

and expanded for 6 days on bone marrow derived stromal cells (OP9) in the presence of 

5ng/ml of IL7 and 50μM 2-Mercaptoethanol (n = 2 biological replicates). They were then 

re-plated onto stromal cells with 0.2 μM of 4-OHT (Sigma H7904) or with an equal volume 

of DMSO as control. Cells were harvested at different time points (1–18 days) of culture 

in the presence of 4-OHT or DMSO. Pooled DMSO samples were used as undeleted (d0) 

control.

Human cell cultures—HaCaT (male) human skin keratinocyte cells and HEK 293/17 

(female) cells were cultured in DMEM (D-5671; Sigma) supplemented with 10% FBS 

(2442; Sigma), 1× Glutamax (35050–062; Gibco), 1mM sodium pyruvate (11360–070; 

Gibco), 50 units/ml penicillin and 50 μg/ml streptomycin at 37°C.

METHOD DETAILS

Large pre-B cell isolation—For isolation of large pre-B cells, bone marrow (BM) cell 

preparations were depleted of cells binding to anti-Ter119, anti-Mac-1, anti-Gr-1, anti-IgM, 
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anti-CD3, anti-CD8α, anti-TCRβ and anti-DX5 by removal with magnetic beads conjugated 

to BioMag goat anti-rat IgG (310107; Qiagen). The cells remaining after depletion were 

labeled with fluorochrome-conjugated monoclonal antibodies against B cell markers (anti-

CD19, anti-CD43 and anti-BP1). Large pre-B cells from WT, IkE5fl/fl:CD2-Cre, or IkE5 
fl/fl: Rosa26-ERT2-Cre were sorted as CD19+CD43+BP1+ using a three-laser FACS Fortessa 

(BD Biosciences) or a three-laser SONY SH800 Cell sorter (SONY Biotechnology).

Splenic B cell isolation—B cell subsets were obtained from the spleen of 10-week-old 

female mice. B cells were enriched with the pan B cell Isolation kit II (Miltenyi Biotech), 

stained for B cell surface markers (FITC anti-CD19, APC anti-B220, BV510 anti-CD21, 

PE anti-CD23, and BV421 anti-CD5), and sorted. Follicular B (CD19+, CD23+, CD21mid), 

marginal zone B (CD19+, CD23−, CD21hi), splenic B1a B (CD19+, CD5+, B220lo) and 

transitional/immature B (CD19+, B220+, CD5−, CD23−, CD21low/−) cell subsets were sorted 

with a Five-laser FACSAria Fusion Cell Sorter (BD Biosciences).

Flow cytometry for intracellular Igμ and Igκ—Large pre-B cells or splenic cells were 

fixed for 20 min at room temperature with 2% paraformaldehyde (Electron Microscopy 

Sciences) in PBS. After two washes with PBS, the cells were subsequently permeabilized 

for 20 min at 4 °C with 0.5% saponin and 2% FCS in PBS. The cells were stained for an 

additional 30 min at 4 °C with fluorescein isothiocyanate–conjugated anti-CD19 (115525, 

Biolegend) and anti-Igμ (553408; BD) or anti-CD19 (115525, Biolegend) and anti-Igκ 
(550003; BD), then were washed twice in 2% FCS in PBS before analysis on a FACSCanto 

(BD). The resulting files were analyzed by Flowjo v10 (BD Biosciences).

Ig kappa gene-rearrangement analysis.—Genomic DNA was isolated from sorted 

large pre-B cells or splenic B cells using Quick-DNA miniprep plus kit (Zymo Research). 

Rearrangements of genes encoding the immunoglobulin light chains were assessed by PCR 

with primers specific for Vκ -Jκ rearrangements as described 92. Southern blot hybridization 

of PCR products for V-J rearrangement was done with probes that bind upstream of the Jκ 5 
region.

CFSE tracking of cell proliferation—Purified IkE5fl/fl, Rosa26-ERT2-Cre large pre-B 

cells were washed and resuspended at 5×106 cells/ml in pre-warmed labeling solution (0.1% 

FBS in PBS) in a 15ml conical tube. For CFSE labeling, equal volume of freshly prepared 

pre-warmed 10 μM CFSE solution was added to the tube, mixed well, and incubated in the 

dark for 10 min at 37°C with interval mixing. To stop the reaction, the tube was filled with 

ice-cold complete medium, and spined down at 350g for 5 min at 4°C. After another wash 

with ice-cold complete medium, labelled cells were resuspended with culture medium and 

seeded into a 6-well plate at 5×105 cells/well with OP9 stroma and 5ng/ml IL7. Fourteen 

hours later (d0), 4OHT was added to the medium to a final concentration of 0.2 μM, then 

cells were harvested every 24 hours and CFSE fluorescence was measured on a BD Canto 

flow cytometer. The resulting files were analyzed by Flowjo v10 (BD Biosciences).

Ectopic IKAROS expression in human keratinocytes—The “Lenti-X Tet-On 

Advanced Inducible Expression System” (Clontech) was used for tetracycline-controlled 

expression of IKAROS. A Flag-HA-Ikzf1 coding sequence was inserted between the XhoI 
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and NotI cloning sites of the vector ‘pLVX-Tight-Puro’, and sequence verified. The resulting 

IKAROS response vector, ‘pLVX-Tight-FH-Ikzf1’, and a separate regulator vector ‘pLVX-

Tet-On Advanced’ were packaged into lentiviruses using HEK 293T/17 cells. HEK 293T/17 

cells were purchased from ATCC (ATCC CRL-11268) and cultured in DMEM with 10% 

FBS, 4.5 g/L Glucose, 4 mM L-Glutamine, 1.5 g/L NaHCO3, 1.0 mM Sodium pyruvate and 

1% P/S at 37°C.

The HaCaT human skin keratinocyte cell line (male) was used for IKAROS ectopic 

expression (gift from Dr. Jin Mo Park/CBRC/MGH). HaCaT cells cultured in DMEM 

(D-5671; Sigma) and supplemented with 10% FBS (2442; Sigma), 1× Glutamax (35050–

062; Gibco), 1mM sodium pyruvate (11360–070; Gibco), 50 units/ml penicillin and 50 

μg/ml streptomycin at 37°C were simultaneously co-transduced with the two lentiviruses. 

Cells stably expressing both vectors were selected with puromycin (1 μg/ml) and G418 (200 

μg/ml) and the inducibility of IKAROS with Doxycycline (Dox) was verified (as shown 

in Figure 7A). Luciferase inducible HaCaT cells were also generated as a control. The 

cells were cultured in DMEM medium with 10% ‘Tet System Approved FBS’ (Clontech), 

and then separated into ‘Dox+’ (0.1μg/ml) or ‘Dox-’ (DMSO) conditions for induction and 

non-induction pairs. Cells were harvested at day 1, day 2 and day 3 post-induction for 

downstream analyses.

Western blot analysis—Cells were washed with ice-cold PBS and then lysed in SDS 

sample buffer (50mM Tris-HCl, pH8, 1%SDS, 10%(v/v) Glycerol, protease inhibitors 

(Roche)). Protein concentration of the cell lysate was determined by BCA protein assay 

kit (Thermo Fisher). Equal amounts of lysate proteins were fractionated by SDS-PAGE and 

transferred to PVDF membranes (Millipore) and probed with anti-IKAROS, β−tubulin and 

GAPDH antibodies.

DNA-Immuno FISH—For DNA-Immuno FISH, Igkv (RP23–182E6) and Igkc (RP24–

387E13) BACs were purchased from Children’s Hospital Oakland Research Institute 

(CHORI) and were labeled using nick translation. Cells were fixed with 2% 

paraformaldehyde (PFA) for 10 minutes on ice, treated with 0.2 μg/ml RNaseA for 30 

minutes 37° C followed by 0.7% Triton/0.1 M HCl for 10 min on ice. During this time, 

the probes were denatured for 5 min at 95° C and allowed to pre-anneal for 30 min at 

37°C. The cells were then denatured at 80° C for 10 min in 50% Formamide/2X SSC 

(adjusted to pH 7), then hybridized with the probes for 16 hr. The next day, the samples were 

washed, blocked and stained for pSer2 RNA Pol II (clone 3E10, EMD Millipore). Images 

were collected on a Leica TCS SP5 II STED laser scanning confocal microscope and image 

processing was performed using ImageJ. Distances between Vκ and Cκ were calculated 

using Euclidean Distance Transformation on Imaris.

ChIP-seq—For ChIPs cells were crosslinked in 1% fresh formaldehyde for 10 min at room 

temperature. For ChIP of NIPBL cells were first crosslinked with 2mM DSG for 45 min and 

then fixed with 1% formaldehyde for 10 min at RT. Crosslinked cells were then quenched 

with glycine and washed twice with ice-cold PBS. Cells were resuspended in lysis buffer 

1 (50 mM HEPES-KOH at pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% 

IGEPAL CA-630, 0.25% Triton X-100 1x protease inhibitor cocktail [Roche]) for 10 min at 
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4°C, pelleted, and then resuspended in lysis buffer 2 (200mM NaCl, 1mM EDTA, 0.5mM 

EGTA, 10 mM Tris at pH 8, 1x protease inhibitor cocktail) for 5 min at 4°C. Cells were 

then resuspended in sonication buffer (50 mM HEPES at pH 7.9, 140 mM NaCl, 1 mM 

EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.2% SDS, 0.5mMPMSF, 1x protease 

inhibitor cocktail) and sonicated to an average size of 350 bp. Chromatin was cleared by 

centrifugation at 18,000g for 15 min, incubated with 5–10 μg of antibodies prebound to 

Dynabeads protein G (Life Technologies), and rotated overnight at 4°C. The antibodies 

used for ChIP are listed in the key resource table. ChIPs for each histone modifications 

and transcription factor were performed in parallel with wild-type and IKDN pre-B-cell 

chromatins, or with chromatins from different time points of inducible Ikzf1 deletion. After 

extensive washing on beads, bound chromatin was eluted and de-crosslinked in 300μl of 

elution buffer (50mMTris at pH 8, 10mMEDTA, 1% SDS, 0.3 M NaCl) overnight at 65°C. 

Proteinases K was added to a final concentration of 200 μg/mL and incubated for 2 h at 

45°C. DNA was ethanol-precipitated, resuspended in TE, and purified using the DNA Clean 

and Concentrator-5 kit (Zymo Research).

Purified ChIP DNA was end repaired, end adenylated, and then ligated with Illumina Truseq 

indexed adaptors. The ligated DNA was purified with AMPure XP beads (Beckman Coulter) 

and then amplified with KAPA HiFi DNA Polymerase (KAPA Biosystems) for 8 to 13 

cycles. After amplification, the library DNA was size selected with AMPurex XP beads to 

200–600 bp range, and the purified libraries were multiplexed for sequencing in house with 

an Illumina NextSeq 550 system.

RNA-seq—Total RNAs from WT and IKDN primary large pre-B cells cultures or from 

HaCaT cells after IKAROS or Luciferase (control) induction were prepared using the 

Direct-zol RNA Miniprep (Zymo Research) and cDNA libraries were constructed for 

sequencing. The TruSeq Stranded mRNA Library prep kit was used for construction of 

cDNA libraries for RNA-sequencing (Illumina). The cDNA libraries were ligated with 

indexed primers and amplified by PCR for 10 cycles, multiplexed and sequenced in house 

with an Illumina NextSeq550 system.

In situ Hi-C—Large pre-B cells or HaCaT cells were crosslinked with 1% formaldehyde at 

RT for 10 minutes, and then quenched by the addition of 0.125 M glycine for 10 minutes. 

In situ Hi-C was performed following the established protocol6 with minor modifications. 

Nuclei were permeabilized, and DNA was digested overnight with 100 U MboI (for large 

pre-B cells) or DpnII (for HaCaT cells). The ends of the restriction fragments were labeled 

using biotin-14-dATP and then ligated in a 1.2 mL final volume. After reversal of crosslinks, 

ligated DNA was purified and sheared to a length of ~400 bp with a Covaris E220 evolution 

instrument (Covaris, Woburn, MA). Successful digestion, ligation and chromatin sheering 

were confirmed with an Agilent TapeStation 4200 system before library construction. Biotin 

labelled ligation junctions were pulled down with streptavidin beads, and DNA fragments 

were end-repaired, dA-tailed and Illumina adapters ligated. Libraries were produced by 8 

cycles of PCR amplification with KAPA Hifi DNA polymerase (Roche). The Hi-C libraries 

were size selected (300–600bp) with AMPure XP beads and sequenced in house with an 
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Illumina NEXTseq550 system or with a Novaseq 6000 system at the Knapp Center for 

Biomedical Discovery, University of Chicago.

HiChIP—HiChIP assays were performed according to the previously published protocol93 

with minor modifications. ~10 million cells were crosslinked with 1% Formaldehyde for 

10 mins at room temperature and lysed with Hi-C lysis buffer (10 mM Tris-HCl pH 7.5, 

10 mM NaCl, 0.2% NP40) supplemented with protease inhibitors for 30 mins at 4C. 

Chromatin was digested by the MboI (for WT and CD2-Cre IkE5Δ/Δ large pre-B cells) or 

DpnII (for ERT2-cre Ikzf1fl/fl large pre-B cells (4OHT or DMSO induction) and HaCaT 

cells) restriction enzyme for two hours at 37C. The 5’ overhang of the digested DNA were 

filled with dCTP, dGTP, dTTP and biotin-l14-dATP by DNA Polymerase I, Large Klenow 

fragment, and then ligated by T4 DNA ligase for 4 hours at room temperature. Chromatin 

was then sonicated in Nuclear Lysis buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA, 0.6% 

SDS) with a Covaris E220evolution to an average size of 600bp. Sonicated chromatin was 

cleared by centrifugation at 18,000g for 15 min, diluted 1:2 in ChIP Dilution buffer (2% 

Triton X-100, 300 mM NaCl, 0.2% NaDoc), and then incubated with 5–10 μg of antibodies 

prebound to Dynabeads protein G (Life Technologies), and rotated overnight at 4°C. The 

antibodies used for ChIP are listed in the key resource table. After extensive washing on 

beads, bound chromatin was eluted and de-crosslinked in 200μl of elution buffer (50mMTris 

at pH 8, 10mMEDTA, 1% SDS, 0.3 M NaCl) for 3 hours at 67°C. Proteinases K was added 

to a final concentration of 200 μg/mL and incubated for 45 minutes at 45°C, and DNA was 

purified using the ChIP DNA Clean and Concentrator-5 kit (Zymo Research). The ChIP 

DNA containing Biotin-14-dATP labelled junctions was then purified by Streptavidin C1 

magnetic, Tn5 tagmented and amplified with KAPA Hifi DNA polymerase (Roche) for 8–12 

PCR cycles. The DNA libraries were size selected (300–600bp) with AMPure XP beads, 

quantified by both Qubit and qPCR analysis, and then sequenced in house with an Illumina 

NEXTseq550 system or with a Novaseq 6000 system at the Knapp Center for Biomedical 

Discovery, University of Chicago.

QUANTIFICATION AND STATISTICAL ANALYSIS

ChIP-seq analysis—Read alignment was performed on the mm10 assembly of 

the mouse mm10 or human hg19 assembly with the STAR 5.02 genome alignment 

algorithm94 (--alignIntronMax 1 --alignEndsType EndToEnd)on the DNAnexus platform 

(https://www.dnanexus.com/). Picard-tools 4.0.3 (Broad Institute) were used to remove PCR 

duplicates. Sequencing depth was tested by analyzing high quality biological replicates 

and by determining if independent data sets when combined yielded a significant higher 

number of new peaks. Peak calling was performed using MACS2 2.1.1 95 with input 

chromatin as control and with a q-value (minimum FDR) cutoff of 0.05. Model building 

with --mfold of 5, 50 was used for transcription factors, H3K4me3and H3K27ac. The 

–broad flag was used to identify enriched regions for spreading histone marks such as 

H3K4me1, H3K27ac, H3K9me3. Normalized “pileup.bedgraphs” were used after indexing 

for browser visualization. Bigwigs were obtained from the “pileup” files for visualization 

using bedGraphToBigWig v4.96 Peak overlap of at least 1 bp was performed to check 

the reproducibility of replicates (see Supplementary Fig. 1E). Heatmaps and enrichment 

profiles of average Reads Per Million mapped reads (RPM) were performed on indexed 
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bam files using ngs.plot v2.6397. Significant peaks in at least one replicate were used for 

downstream analysis. The presence of ChIP-seq peak was assessed at loop anchors and 

A/B compartments by extracting the peaks that are located within these regions. Overlap 

of genomic regions and peaks contained within them was determined with the R package 

GenomicRanges v1.42.0.98

Motif analysis—To do the enrichment analysis for TF motif overlapping ChIP-seq peaks 

within loop anchors, we first extracted the peaks that were fully contained within H3K27ac 

loop anchors and then used the Homer script findMotifsGenome with default parameters.

RNA-seq and GO analysis—Alignment to the mouse mm10 or human hg19 assembly 

was conducted by STAR 5.0294 on the DNAnexus platform. Normalization and differential 

expression by DESeq299 were performed through a Homer v4.10.4100 implementation of 

the package in R. An adjusted p-value of < 0.05 and an absolute log2 fold change > 1 

was used to identify differentially expressed genes. Metascape, a free gene annotation and 

analysis resource, was used for Gene Ontology (GO) analysis (https://metascape.org).101 To 

define genes associated with Hi-C and HiChIP loops, we searched for genes that had its 

transcription starts sites (TSS) within any of the loop anchors.

Hi-C analysis—Sequencing reads were aligned to the mouse mm10 (for mouse large 

pre-B cells) or human hg19 (for HaCaT cells) and processed into normalized contact 

maps with the HiC-Pro 2.8.0 pipeline102 on the DNAnexus platform. Default settings were 

used to remove duplicate reads, assign reads to restriction fragments, filter for valid pairs, 

and generate raw and ICE normalized interaction matrices at a range of resolutions. For 

visualization by Juicebox (v1.11.08)103 valid pairs were converted to .hic files using the 

script “hicpro2juicebox.sh”. For FitHiC analysis104, three contact matrix files (raw.matrix, 

abs.bed and iced.matrix.bias) generated by the HiC-Pro pipeline at 10kb resolution 

were converted using HiCPro2FitHiC.py to the three files (i.e., fragment.mapability, 

interaction.Count and .biases) required for running the algorithm. Statistically significant 

interactions were called using FitHiC v.2.0.7 (parameters: -L 20000 -U 3000000 -p 2 -b 200) 

and a false discovery rate (FDR) threshold of 0.0001 for each sample. The reproducibility 

of replicates at 10 kb resolution was verified using hicreppy v0.0.6 (parameter: --max-dist 

5000000).

HiChIP analysis—HiChIP paired-end reads were aligned to the mouse mm10 (for mouse 

pre-B cells) or human hg19 (for HaCaT cells) using the HiC-Pro 2.8.0 pipeline as described 

under the Hi-C Data processing section. Valid pairs were combined across replicates 

and FitHiChIP v9.1 105 was used to identify statistically significant HiChIP interactions, 

using a bin size of 10 kb and reference peaks (i.e., H3K27ac, SMC1, CTCF, IKAROS) 

obtained from ChIP-seq data generated independently from the same cells/conditions as 

the HiChIP libraries. Statistically significant HiChIP interactions (q < 0.001) were called 

separately in each experiment with a minimum distance of 20 kb. For H3K27ac HiChIP, 

the UseP2PBackgrnd parameter was set to 0 and interactions were assessed for statistical 

significance if a ChIP-seq peak was present in at least one anchor (Peak-to-all interactions 

with maximum distance threshold of 4Mb). For SMC1 and CTCF HiChIP, the interactions 
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were assessed for significance only when both anchors overlapped a ChIP-seq peak 

(Peak-to-peak interactions with maximum distance of 3Mb). For IKAROS HiChIP, the 

UseP2PBackgrnd parameter was set to 0 and interactions were assessed for significance if 

a peak was found in at least one anchor (Peak-to-all interactions with maximum distance of 

3Mb and q-value less than 0.01). The reproducibility of replicates at 10 kb resolution was 

verified using hicreppy v0.0.6 (https://github.com/cmdoret/hicreppy) (parameter: --max-dist 

5000000). Loop overlap between pairs of HiChIP datasets was performed by using a slack/

extension of 5 kb on both sets of loops (+/− 1 bin around each loop anchor). To address 

loop anchor redirection, anchor overlap of at least 1 bp was used between the upregulated 

and downregulated loop anchors. Upregulated and downregulated loops in which at least one 

of its anchors correspond to a redirected anchor were selected for downstream analysis. The 

overlap of regions was performed using the R package GenomicRanges v1.42.0.

A/B compartment analysis—dcHiC v2.1106 was applied to contact maps at 100 kb 

resolution to identify differential A/B compartments bins (adjusted p-value < 0.05) in IKDN 

and WT. Genomic regions with positive and negative first principal component (PC1) values 

were classified as compartment A and B, respectively. Compartments bins with a significant 

increase in PC values in IKDN were further classified as either B→A, when there was 

a sign change in PC value, or weakA→strongA (wA→sA) and strongB→weakB (sB→wB) 

when the PC value was higher or lower in IKDN, respectively. Compartment bins with a 

significant decrease in PC values in IKDN were classified as either A→B, weakB→strongB 

(wB → sB) or strongA→weakA (sA→wA). Differential loop anchors were assessed for their 

association with compartment changes by classifying them with respect to their overlap 

with differential compartmental bins. The difference in compartmentalization for differential 

anchors was assessed by subtracting normalized PC values of the compartment bins they 

overlap in IKDN and WT. To define stretches of chromatin compartments, we first called 

sub-compartments by applying CALDER v1.0107 to contact maps at 100 kb resolution. 

Then, contiguous A.X.X and B.X.X bins were stitched together to extract stretches of A and 

B compartments, respectively.

Differential HiChIP loops were classified as intra-compartmental if the central position of 

each anchor was contained in the same compartment stretch and as inter-compartmental 

otherwise. Inter-compartmental loops were further subclassified into consecutive (between 

an A and a B compartment stretch by definition) and non-consecutive depending on whether 

the loop spans an adjacent compartment or compartments. To address the compartment 

changes across different time points (0, 4, 12 and 18 days) of in vitro Ikzf1 deletion 

(inducible system), dcHiC v2.1 106 was first applied to WT, day0, day4, day12, day18 

and IKDN PC values derived from 100kb Hi-C contact maps for each. Then, we used 

the previously defined differential compartments between IKDN and WT and visualized 

the quantile normalized compartment scores across time points. For each differential 

compartment identified by comparing day0 to day18 of the inducible system, the relative 

change of compartment scores was quantified between day0 and day4, day4 and day12, and 

day12 and day18 relative to the total change between day18 and day0. Then, the median of 

these relative fractions of change among different bins were calculated for differential B→A 

and A→B compartments in each timepoint.
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Topologically associating domain (TAD) analysis—Contact maps at 50 kb 

resolution in HDF5 format were generated with the tool hicConvertFormat from 

HiCExplorer v3.5.1.108 Topologically associating domain (TAD) calling was performed 

in IKDN and WT contact maps at 50 kb resolution with hicFindTADs from 

HiCExplorer v3.5.1 (parameters: --minDepth 150000 --maxDepth 500000 --step 50000 

--thresholdComparisons 0.05 --delta 0.01 --correctForMultipleTesting fdr). We further 

classified TADs into merged, split and shifted (either expanded or contracted in IKDN). 

Regions defined by two or more neighboring TADs in IKDN that were contained in a bigger 

TAD in WT were classified as IKDN TADs merged in WT while allowing one 50 kb bin 

of slack at each boundary. WT TADs involved in the previously described pattern were 

classified as WT TADs split in IKDN, the rest of the differential TADs were classified as 

shifted. The IKDN TADs contracted at the 3’ were defined as a subgroup of shifted TADs 

that share one boundary with a WT TAD and a non-shared boundary contained within the 

larger WT TAD. Other combinations of shifted TADs were defined similarly. We further 

separated differential TADs into two groups with respect to their difference in interaction 

density in WT and IKDN. To classify split TAD, we calculated the median of the observed/

expected contacts counts of regions Z1 and Z0 in WT and IKDN (Figure 3B, S3B). When 

the value of the region from the larger TAD (Z1) exceeded the value for the corresponding 

region in the condition with two smaller TADs (Z0), the TAD was assigned to one group. 

The same calculation was applied to filter merged TADs. Shifted TAD boundaries were 

often associated with a general weakening of contacts within the TAD that made boundary 

calling less reliable. TADs with changed boundary coordinates were filtered for those that 

showed a change in border defining contacts defined as a positive difference between the 

median of observed/expected contacts counts between the region incorporated in the larger 

TAD, (+/− 50 kb) to account for the surrounding region, and the corresponding region in the 

condition with the smaller TAD.

To show the average contact count distribution of differential TADs and their surroundings, 

we performed an aggregated TAD analysis (ATA) using the ATA-tool from the R package 

GENOVA v1.0.0.9.109 We retrieved the normalized contacts counts of differential TADs, 

including the up- and downstream 500kb regions, from Hi-C contact maps at 10 kb 

resolution. To match the dimensions of the count matrices across TADs, these were 

interpolated using bilinear interpolation. Then the aggregated matrix was calculated by 

taking the average of the bilinearly interpolated values for each pixel.

Loop anchor annotation—The anchors of HiChIP and Hi-C loops were classified as 

promoters (P), enhancer (E) and structural (S) (Schematic shown in Figure 1B). Anchors 

that contained a transcription start site (TSS) of GRCm38 (release 97) genes (for mouse 

large pre-B cells) and GRCh37 (release 19) genes (for HaCaT cells) were classified as 

promoters. The remaining anchors were first overlapped with H3K27ac ChIP-seq peaks and 

if the anchor had an overlap of at least 1 bp with one or more peaks, it was classified as an 

active enhancer. Then, among the remaining anchors, CTCF ChIP-seq peaks were used to 

define structural anchors following the same procedure. The anchors with absence of a TSS, 

H3K27ac or CTCF peaks were overlapped with H3K4me1 ChIP-seq peaks to annotate them 

as poised enhancers. Active and poised enhancer annotated anchors were combined as the 
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latter group had very few elements. Interactions between regulatory anchors (P and E) and 

structural (S) were classified as hybrid loops. The overlap of regions was performed using 

the R package GenomicRanges v1.42.0.

Differential Hi-C/HiChIP interactions analysis—Differential loops were identified 

using 2 methods. The first method is a modified EdgeR script, using FDR with corrected 

by the Independent Hypothesis Weighting (IHW) and the logCPM as covariates. All the 

loops called by FitHiChIP in the IKDN, and WT condition were used to obtain differential 

interactions with an IHW corrected FDR < 0.05 and an absolute log2 fold change > 1. 

These differential interactions were further filtered and the interactions with raw contact 

counts > 3 and observed/expected counts > 1 in their respective condition were kept for 

downstream analysis. The second method referred to as Exclusive better captures longer-

range differential interactions using the same data sets. This method identifies as differential 

interactions those that are called significant by FiTHiChIP in in at least one replicate in one 

condition but not in any replicate of the other condition. Differential loops called by the 

second method with raw contact counts > 10 and an absolute log2 fold change > 2 were kept 

for downstream analyses. The differential loop calls from the second method (Exclusive) 

were only used for intra- and inter-compartmental comparisons of steady state pre-B cells 

(WT vs IKDN; Figure 4C) and for analysis of HaCaT cells (Figure 7B, F). The first method 

(EdgeR), which utilizes replicate information, was used for the rest of the differential loop 

analyses throughout the paper. Changes in intensity of contacts for differential interactions 

were visualized by heatmaps of z-score transformed observed/expected HiChIP counts. To 

define Hi-C domains from differential HiChIP interactions, we used the end position of the 

5’ anchor and the start position of the 3’ anchor as domain coordinates.

Decommissioned enhancer analysis—Decommissioned enhancers internal to 

structural loops were identified by selective H3K27ac enrichment in WT compared to IKDN 

after filtering out regions that also had H3K4me3. Enrichment for H3K27ac, SMC1 and 

NIPBL was plotted for the decommissioned enhancers in WT and IKDN. The Homer script 

findPeaks (parameters: -style histone) was used to obtain differentially enriched H3K27ac 

peaks between WT and IKDN using one condition as test and the other as control. Overlap 

of genomic regions was determined by the R package GenomicRanges v1.42.0.

Time course of loop changes upon inducible IKAROS deletion—To study the 

dynamics of differential loops, differential H3K27ac HiChIP interactions identified between 

IKDN and WT (steady state) were used to extract the observed/expected HiChIP counts 

from the d0, d3 and d12 (inducible) H3K27ac HiChIP data sets. Time-course clustering was 

generated using the R package TCseq v1.14.0110. Differential analysis of d0 vs d3 H3K27ac 

HiChIP interactions (described above and implemented by FitHiChIP v9.1) was used to 

classify differential loops according to the change in H3K27ac ChIP-seq coverage at their 

anchors. Each loop anchor was classified as ND: < 25% difference of H3K27ac signal at 

an anchor, and not statistically significant, LD: > 25% difference of H3K27ac signal at an 

anchor, and not statistically significant. HD: Significant difference of H3K27ac signal at an 

anchor (FDR < 0.05, |logFC|>1).
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Aggregated Peak/Region Analysis—To show the average contact count distribution of 

loops and their surroundings, we performed an aggregate peak analysis (APA) of loop calls 

using the R package GENOVA v1.0.0.9.109 We used HiChIP and Hi-C contact maps at 10 kb 

resolution that were normalized by Knight-Ruiz (KR). We retrieved the normalized contact 

counts of a 100kb x 100kb region centered on each loop coordinate corresponding to a pair 

of loci: i and j. Without loss of generality, we can assume coordinate i < j and represent their 

genomic distance by d=d(i,j) for a given loop. The APA then plots the average contact count 

across all 100kb x 100kb with center pixel depicting (i,j), bottom left pixel corresponding 

to (i+50kb, j-50kb) and top right pixel denoting (i-50kb, j+50kb) with genomic distances of 

d, d-100kb and d+100kb, respectively. Due to effect of such difference in genomic distance, 

APA plots have higher average counts on bottom left and lower average count for the top 

right corner leading to asymmetry. Only loops having a distance > 150 kb were aggregated 

to avoid displaying pixels corresponding to very short-range interactions (less than 50kb 

genomic distance). For the aggregate region analysis (ARA), we retrieved the normalized 

contact counts of a 1Mb x 1Mb region on the diagonal of contact matrix that is centered on 

each target region coordinate (the square matrix defined by (i-500kb, i+500kb) for region 

i). To compute expected values, we first generated the aggregate matrix for the same target 

region but shifted 1Mb downstream. We then used the shifted matrix and computed the sum 

per genomic distance d divided by maximal possible contacts: sum(diagonal(d)) / number of 

elements in diagonal(d). To compute the observed/expected matrix, the normalized contact 

counts were divided by the expected matrix.

Mouse and human homology analysis—To lift loop anchors between mouse and 

human genome builds, we first extracted the IKAROS peak with the highest signal that 

was within the anchor. We then converted the peak coordinates from mm10 to hg19 using 

liftOver v2.111

Statistics and reproducibility—R v4.0.1 was used for statistical analysis and extraction 

and plotting of data from NGS-generated data files. The statistical significance between two 

groups was determined by the Wilcoxon or the t-test.
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Bullets

Cohesin loading at lymphoid enhancers by IKAROS supports formation of structural 

loops

IKAROS bound enhancers override CTCF boundaries to assemble lineage-specific 

domains

IKAROS-based 3D contacts reach over heterochromatin to place domains into 

euchromatin

Igκ locus contraction in euchromatin relies on IKAROS-dependent enhancer contacts.
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Figure 1. IKAROS controls spatial organization of large pre-B cells
(A) Schematic of early B-cell differentiation and conditional deletion of the IKAROS DNA 

binding domain (IKDN). (B) Experimental strategy to profile WT and IKDN large pre-B 

cells. Schematic (bottom) illustrates the classification of loops, anchors and differential 

loops (n=2 replicates). (C) Hi-C and SMC1, H3K27ac, CTCF and IKAROS HiChIP 

experiments shown at 50kb and 10kb resolution around Nrxn1 in WT (upper triangle) and 

IKDN (lower triangle). Pixel intensity represents the observed number of contacts/valid read 

pairs. (D) The number and percentage of Hi-C and HiChIP interactions (WT, IKDN) and 
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differential loops (Down, Up) identified at 10kb resolution stratified by anchor classification. 

(E) Aggregate peak analysis (APA) of differential chromatin loops. Top labels indicate 

contact maps from which the aggregate pattern is derived. (F) Distance distributions of 

all significant chromatin loops identified by Hi-C and HiChIP in WT or IKDN. **** p 

< 0.0001. (G) The percentage of differential HiChIP loops that overlap with IKAROS 

ChIP-seq peaks at both (IK_A1A2), only one (IK_A1, IK_A2) or none of the anchors (No 

IK). Model of long-distance interactions between regulatory sites supported by IKAROS-

bound dimers. (H) Distribution of IKAROS peaks that overlap anchors of differential 

loops identified by HiChIP and Hi-C. (I) Average IKAROS ChIP-seq enrichment (RPM) 

at enhancer and promoter anchors (10kb) from differential H3K27ac loops as in Figure S1H. 

Source: TableS1-3.
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Figure 2. IKAROS-dependent 3D chromatin organization controls B cell identity
(A) Change in gene expression between WT and IKDN (DEGs) and overlap with H3K27ac 

HiChIP loops that are up (red), down (blue) or unchanged (grey). (B) DEGs associated 

with differential (Down and Up) and non-differential (ND) loops identified by H3K27Ac 

HiChIP. **** p < 0.0001. (C) GO pathway enrichments for all genes associated with 

differential H3K27ac loops or DEGs. Statistical significance (−log10p-value) is shown 

by color scale and gene ratio by circle size. (D) K-means clustering of expression 

during WT hemo-lymphopoiesis and B cell differentiation of all genes associated with 
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downregulated loop anchors. Examples downregulated in IKDN pre-B cells are highlighted 

in blue. (E) Examples of down-regulated and (F) up-regulated genes with changes 

in long-distance interactions. Hi-C contact maps (Observed/Expected, 5kb resolution). 

Compartment affiliation (PCA): euchromatin-blue, heterochromatin-orange. Normalized 

histone modification and transcription factor ChIP-seq tracks are shown. Interactions 

identified by FitHiChIP for IKAROS, H3K27ac, SMC1 and CTCF are shown. Highlights: 

blue -genes, yellow-re-directed loop anchors. Source: Tables S2-4.
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Figure 3. IKAROS regulates TAD and sub-TAD organization
(A) Size distribution of common and differential TADs. Red dashed line shows the median 

size of common TADs. (B) Differential aggregate TAD analysis (ATA) of TADs classified 

into split (1,2) and contracted (4) in IKDN or split in WT (3). WT-IKDN score is shown in 

all panels. A schematic of TADs in WT and IKDN is shown with the perspective employed 

for analysis shaded yellow. (2) subset of TADs in (1) with (Z1 > Z0). (3) Note absence 

of signal in the Z0 sector. (4) Filter X1>X0 reveals the subset of contracted TADs where 

loss of border-spanning contacts drives the shift. (C) Merged and split TADs at the Igκ 
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locus. O/E Hi-C contacts and TAD calls for WT and IKDN. (D) Loss in CTCF hybrid loops 

leading to TAD boundary shift around the Blk locus (yellow stripe). (E) Aggregate regional 

analysis (ARA) of WT and IKDN O/E Hi-C signal at anchors of downregulated hybrid 

and structural CTCF HiChIP loops. Schematics illustrate the insulation and conduction 

properties of each anchor type. (F) ARA of WT and IKDN O/E Hi-C signal at enhancer 

and promoter anchors of downregulated H3K27ac HiChIP loops with or without CTCF (+ 

or −) binding. Schematics illustrate interactions between adjacent domains and potential 

mechanisms involved. (G) Aggregate WT and IKDN Hi-C signals of downregulated and 

upregulated hybrid and structural CTCF HiChIP loops. Difference between WT and IKDN 

aggregate signals is shown on the right. (H) Average ChIP-seq enrichment (RPM) at 

downregulated structural loop anchors and at internal decommissioned enhancers. (I) Model 

by which IKAROS organizes TADs. Source: Tables S2-3, S5.

Hu et al. Page 40

Cell. Author manuscript; available in PMC 2024 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Higher-order chromatin compartmentalization is controlled by IKAROS
(A) Bins with different compartment affiliation scores between IKDN and WT classified 

by affiliation shift. (B) Distributions of differential compartmental bins with (colored) or 

without (black outline) overlap with differential loop anchors identified by indicated HiChIP 

and numbers are shown. (C) Differential H3K27ac regulatory loops classified in WT as 

intra-compartmental, inter-compartmental and consecutive. (D) Examples of compartmental 

changes associated with intra-(left) and inter-(right) compartmental regulatory loops 

downregulated in IKDN. Source: Tables S2-3, S6.

Hu et al. Page 41

Cell. Author manuscript; available in PMC 2024 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. IKAROS maintains lineage-specific chromatin organization
(A) Cultured large pre-B cells harvested at indicated time points after Cre-ERT2 induction 

and used for Hi-C, HiChIP and ChIP-seq. Detection of IKAROS WT (IK1, IK2) and mutant 

isoforms (ΔIK1, 2, 3, 7) is shown. (B) The number and percentage of loops (d0, d3, d12) 

and differential loops identified by H3K27ac HiChIP (d3 vs. d0 and d12 vs. d0), stratified 

according to anchor classification. (C) Contact counts for the differential H3K27ac HiChIP 

loops identified after in vitro deletion (d12 vs d0) are displayed for d0, d3, d12 and for 

WT and IKDN (in vivo). (D) Contact counts for the differential H3K27ac HiChIP loops 
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identified after in vivo deletion (WT vs. IKDN) displayed as in (C). (E) Sites of differential 

H3K27ac interactions identified in vivo analyzed after in vitro deletion and segregated 

into clusters of slow, intermediate, and fast changes in contact strength. Average H3K27ac 

enrichment at the loop anchors and flanking regions is shown across the time course for each 

group. (F) Downregulated H3K27ac loops at d3 classified according to change of H3K27ac 

ChIP-seq signal at their anchors (HD high difference, LD low difference, ND no difference). 

(G) Z-score transformed compartment scores derived from Hi-C data of d0-d18 after in 
vitro IKAROS deletion were plotted for the differential compartment bins identified in vivo. 

Positive z-scores = stronger euchromatic affiliation in WT. (H, I) Steady-state (WT, IKDN 

upper tracks) and in vitro deletion data (d0, d3, d12, lower tracks) are compared for the 

Nrxn1 (H) and Igλ (I) locus. Source: Tables S2-3, S6-7.
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Figure 6. Regulation of chromatin organization and locus contraction at the Igκ locus
(A) Hi-C at the Igκ locus for WT and IKDN large pre-B cells (10kb). TADs (A-C) and FISH 

probes are marked. Orientation of Igκ-V segments relative to the J segments is indicated 

(red-forward and blue-reverse). (B) Genomic tracks as in Figure 5H. (C) The 3’ boundary 

domain is shown with ChIPseq peaks for indicated chromatin marks, B lineage TFs and 

other factors. Regulatory (iEκ, 3’Eκ, Ed, HS10) and structural (Cer, Sis) elements and the 

RCSE (green) that spans them are highlighted. (D) Igκ locus DNA-Immuno FISH using the 

Vκ (green) and Cκ (red) probes in WT and IKDN pre-B cells (pSer2 RNA Pol II (blue). 
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(E) Distance between Vκ-Cκ regions in WT and IKDN large pre-B cells, **** p < 0.0001). 

Source: Tables S2-3, S6-7.
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Figure 7. Extra-lineage chromatin organization induced by IKAROS in skin epithelial cells
(A) Experimental strategy and Western blot of IKAROS induction. (B) Number and 

percentage of loops and differential loops (Lost, Induced (Ind.)) from H3K27ac HiChIP at 

d3 stratified according to anchor classification and presence/absence of IKAROS ChIP-seq 

peaks in at least one anchor (IK(+), IK(−)). (C) De novo TF-binding motif enrichment of 

IKAROS peaks within upregulated H3K27ac loop anchors. (D) Size distribution of induced 

H3K27ac loops at d3 with (+IK) or without (-IK) IKAROS at their anchors. **** p <= 

0.0001. (E) Compartmental changes between Luciferase- and IKAROS-expressing cells 
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at d2. (F) Distributions of differential compartmental regions with and without overlap 

with IKAROS peaks or induced H3K27ac or CTCF loop anchors. (G-H) Examples of 

IKAROS-mediated induction of chromatin topology. The IGK RC (red) and iEκ (green) are 

highlighted. Source: Tables S3-4, S6-7.
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Key Resources Table

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

H3K4me1 Active Motif Cat#AM39297

H3K4me3 Active Motif Cat#AM39155

H3K27ac Abcam Cat#ab4729

H3K27me3 EMD Millipore Cat#07–449

H3K36me3 Abcam Cat#ab9050

IKAROS EMD Millipore Cat#MABE912

IKAROS EMD Millipore Cat#MABE913

IKAROS Abcam Cat#ab191394

CTCF Abcam Cat#ab188488

NIPBL Proteintech Cat#18792–1-AP

SMC1a Bethyl Cat#A300–055A

GAPDH Millipore Cat#MAB374

βTubulin Santa Cruz Biotech Cat#sc-9104

FITC anti-mouse CD19 Biolegend Cat#152403

Alexa Fluor 647 anti-mouse CD19 Biolegend Cat#115525

APC anti-mouse CD43 BD Biosciences Cat#560663

PE anti-mouse BP1 Southern Biotech Cat#1770–09L

APC anti-mouse B220 Thermo Fisher Scientific Cat#17–0452-81

BV510 anti-mouse CD21 BD Biosciences Cat#563175

PE anti-mouse CD23 Thermo Fisher Scientific Cat#12–0232-81

BV421 anti-mouse CD5 Biolegend Cat#100629

FITC-Ig-μ BD Biosciences Cat#553408

FITC-Ig-κ BD Biosciences Cat#550003

TER119 BD Biosciences Cat#553669

Mac-1 (M1/70) BD Biosciences Cat#553307

Gr-1 (RB6–8C5) BD Biosciences Cat#553123

IgM (11/41) BD Biosciences Cat#562032

CD3 (17A2) BD Biosciences Cat#557869

CD8α (53–6.7) BD Biosciences Cat#553027

TCRβ (H57–597) BD Biosciences Cat#553174

CD49b (DX5) BD Biosciences Cat#553855

Bacterial and virus strains

NEB® Stable Competent E. coli New England Biolabs C3040H

Chemicals, Peptides, and Recombinant Proteins

4-Hydroxytamoxifen (4OHT) Sigma Cat#H7904

Biotin-14-dATP ThermoFisher Scientific Cat#19524016
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Doxycycline (Dox) ThermoFisher Scientific Cat#BP26531

Equisul-SDT Aurora Pharmaceutical Cat#28000

Recombinant Human IL-7 Biolegend Cat#715302

KAPA HiFi HotStart ReadyMix Roche Cat#KK2601

Protease inhibitor cocktail Roche Cat#11873580001

Critical commercial assays

Pan B cell isolation kit II (mouse) Miltenyi Biotec Cat#130-104-443

CFSE Cell Division Tracker Kit Biolegend Cat#423801

Pierce BCA Protein Assay Kit ThermoFisher Scientific Cat#23227

ChIP DNA Clean and Concentrator Zymo Research Cat#D5205

Quick-DNA Miniprep Plus kit Zymo Research Cat#D4068

Direct-zol RNA Miniprep kit Zymo Research Cat#R2050

Lenti-X Tet-On Advanced Inducible 
Expression System

Clontech Cat# 630930

TruSeq® Stranded mRNA Library Prep 
kit

Illumina Cat#20020594

Deposited Data

Raw and analyzed data This study GSE232490

Western blot images This study https://doi.org/10.5281/zenodo.8339089

Analyzed data This study https://doi.org/10.5281/zenodo.8339291

RNAseq datasets for HSC, MPP, 
CLP,ILC2p and NKp cells

Shih et al, 201661 GSE77695

RNAseq datasets for pro-B, large pre-B 
and small pre-B cells

Kashiwagi et al, 202262 GSE211079

ChIP-seq datasets for B cell and extra-
lineage transcription factors

Hu et al, 201642 GSE86897

Experimental Models: Cell lines

Human: HEK 293T/17 cells ATCC Cat#CRL-11268

Human: HaCaT cells J.M. Park N/A

Mouse: OP9 bone marrow stromal cells ATCC Cat#CRL-2749

Mouse: Passage 4 IkE5fl/fl hCD2-Cre 
(+/−) large pre-B cells This study N/A

Mouse: Passage 2 IkE5fl/flRosa26-Cre-
ERT2 large pre-B cells

This study N/A

Experimental Models: Organisms/Strains

IkE5fl/fl hCD2-Cre (+/−) Joshi et al, 201441 N/A

IkE5fl/fl Rosa26-Cre-ERT2 Hu et al, 201642 N/A

Oligonnucleotides

Igk forward primer (Vκ) Intergrated DNA 
Technologies (IDT)

GGCTGCAGSTTCAGTGGCAGTGGRTCWGGRAC

Igk reverse primer (Jκ5) IDT ATGCGACGTCAACTGATAATGAGCCCTCTCC

Igk probe (upstream of Jκ5) IDT ACCAAGCTGGAGCTGAAACGTAAGTACAC

Dntt forward primer IDT CCCAAGTTCACTGTTCTTTCTGTC
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Dntt reverse primer IDT CTCACCAGCAAACCCATAGGTA

Recombinant DNA

pLVX-Tight-Puro (TetOn) Clontech Cat# 630930

pTRE-Tight-Luc control vector Clontech Cat# 630930

pLVX-Tet-On Advanced Clontech Cat# 630930

pLVX-Tight-FH-IKZF1 This study N/A

Software and Algorithms

Code for data analysis This study https://github.com/ay-lab/3D-IKAROS

FlowJo v10.9 BD Biosciences https://www.flowjo.com

bedGraphToBigWig v4 Kent et al., 201096 https://github.com/ENCODE-DCC/kentUtils

CALDER v1.0 Liu et al., 2021107 https://github.com/CSOgroup/CALDER

dcHiC v2.1 Chakraborty et al., 2022106 https://github.com/ay-lab/dcHiC

DEseq2 Love et al., 201499 https://bioconductor.org/packages/release/bioc/html/DESeq2.html

FitHiC v.2.0.7 Kaul et al., 2020104 https://github.com/ay-lab/fithic

FitHiChIP v9.1 Bhattacharyya et al., 2019105 https://ay-lab.github.io/FitHiChIP/html/index.html

GENOVA v1.0.0.9 van der Weide et al., 2021109 https://github.com/robinweide/GENOVA

GenomicRanges v1.42.0 Lawrence et al., 201398 https://bioconductor.org/packages/release/bioc/html/
GenomicRanges.html

Gene Ontology (GO) analysis Zhou et al., 2019101 https://metascape.org

HiCExplorer v3.5.1 Wolff et al., 2020108 https://hicexplorer.readthedocs.io/en/latest/index.html

HiC-Pro 2.8.0 Servant et al., 2015102 https://github.com/nservant/HiC-Pro

hicreppy v0.0.6 Yang et al., 2017112 https://github.com/cmdoret/hicreppy

Homer v4.11 Heinz et al., 2010100 http://homer.ucsd.edu/homer/

Juicebox v1.11.08 Durand et al., 2016103 https://github.com/aidenlab/Juicebox

Liftover v2 Hinrichs et al., 2006111 https://genome.ucsc.edu/cgi-bin/hgLiftOver

MACS2 v2.11 Zhang et al., 200895 https://github.com/macs3-project/MACS

ngs.plot v2.63 Shen et al., 201497 https://github.com/shenlab-sinai/ngsplot

STAR v5.02 Dobin et al., 201394 https://github.com/alexdobin/STAR

TCseq v1.14 Wu & Gu, 2022110 https://doi.org/10.18129/B9.bioc.TCseq
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