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% Check for updates Three-dimensional genome organization orchestrates recombination and

transcription of immunoglobulin heavy chain (/gh) genes. The structure of
wild-type (WT) alleles includes a prominent architectural stripe that extends
from a cluster of CTCF binding elements at the 3’ end of the locus (3’CBE),
suggesting interactions of this end with sequences throughout the 2 Mb Igh
TAD. Here we elucidate interplay between regulatory elements located in the
3’Igh domain (260 kb) that impact the stripe. The CTCF-lacking intronic
enhancer, Ey, promotes stripe formation and tethers sub-TADs between
flanking CTCF-bound 3’CBE and IGCR1. Substituting Eu with an EF1a promoter
in different orientations partially recapitulates epigenetic features of WT /gh
alleles, including active histone modifications, sub-TAD formation and inter-
actions with the 3’CBE, but does not restore VD) recombination. Loss of IGCR1
increases the stripe while inverting the 3’CBE redirects the stripe away from
the Igh locus. However, inverted 3’CBE continue to serve as a boundary against
aberrant activation of genes outside the /gh domain by Eu. Our observations
provide insights into mechanisms by which regulatory elements modulate
chromatin structure and stripe formation.

Three-dimensional organization of the genome facilitates cell lineage-
appropriate gene expression. Topologically associated domains
(TADs) are megabase-sized genomic regions within which DNA inter-
actions are more frequent than with sequences beyond'*. TAD
boundaries are largely cell type invariant and enriched for binding of
the ubiquitously expressed architectural protein CTCF 8, Chromatin
fine structure within TADs shows additional cell specific heterogeneity

that is contributed in part by interactions between gene promoters
and regulatory sequences’. Enhancers are defined as cis-regulatory
sequences that regulate gene transcription from promoter distal
genomic regions" ™. They are marked by highly accessible chromatin,
selective histone modifications and p300/CBP binding. TAD bound-
aries facilitate interactions between correct enhancer/promoter com-
binations by minimizing inter-TAD interactions®”. High depth
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conformation capture studies have also revealed the presence of
architectural stripes. These represent contact of one chromosomal
region, referred to as the stripe anchor, with many sites over an
extended genomic interval’®. Mechanisms by which architectural
stripes are generated are an area of active investigation'.

Cohesin-dependent loop extrusion is a major mechanism for
communication between distant genomic regions* . In our current
understanding, cohesin loads at selected sites in the genome and pulls
chromatin strands until it encounters CTCF bound in a specific
orientation’%, Extrusion stalls at such encounters resulting in loops
between oppositely oriented CTCF-bound sites. It is reasonable to
hypothesize that enhancer/promoter interactions are also facilitated
by loop extrusion. This could happen in different ways. For example,
some enhancer/promoter combinations may have appropriately
oriented CTCF sites that stall extrusion leading to enhancer/promoter
contact. Indeed, many promoters and enhancers have closely asso-
ciated CTCF sites”. For others, cohesin-dependent extrusion could
bring distal sequences in spatial proximity so that promoter- or
enhancer-bound factors interact. This mechanism has been termed
‘nudging”®?. Alternatively, cohesin-dependent extrusion may stall at
promoters and enhancers that lack CTCF binding, leading to interac-
tions between DNA-bound factors. The last model implies that pro-
moters and enhancers can mediate three-dimensional genome
organization, much like properties attributed to CTCF-bound genomic
sites. This model is supported by recent studies that attribute cohesin
stalling characteristics to RNA polymerase II*>. However, enhancer-
dependent cohesin stalling and its impact on chromatin organization
are relatively understudied.

Antigen receptor genes of the adaptive immune system undergo
genomic rearrangements to assemble functional genes®*'. Immu-
noglobulin heavy chain (Igh) genes are assembled by DNA rearrange-
ments that juxtapose a variable (Vy), a diversity (Dy), and a joining (Ji;)
gene segment into an exon that encodes the antigen binding domain
of antibody heavy chains. The order of rearrangements is fixed. Dy to
Ju rearrangements occur first to create DJy; recombined alleles, fol-
lowed by Vy rearrangements to DJy junctions to produce VDJy
recombined alleles®. Three cis-regulatory elements control structure
and rearrangements of /[gh genes. The intronic enhancer, Ey, was the
first identified tissue-specific enhancer and was initially proposed to
activate Jgh promoters in mature B cells**. However, genomic deletion
of Eu reduces Igh rearrangements in developing progenitor (pro-) B
cells well before Igh gene assembly is completed®?®. These observa-
tions indicate that Ep also serves as a recombination enhancer, in part
by inducing epigenetic changes and chromatin accessibility during
V(D)J recombination®. Ep also configures 3-dimensional locus struc-
ture by interacting with two CTCF-bound regulatory sequences to
form two sub-TADs at the 3’ end of the Igh locus (3’ Igh) (Fig. 1a)*°. A
60 kb domain forms between Eu and the intergenic control region 1
(IGCR1). This domain contains most of the diversity (Dy) gene seg-
ments and we have previously proposed that exclusion of Vy gene
segments from this domain drives the order of Igh rearrangements*’.
Disrupting Ep/IGCR1 interactions by mutating or deleting IGCRI results
in Ep interacting with the next available CTCF-bound site, located
approximately 90 kb further 5 within proximal Vys. In this config-
uration, that most 3’ Vy gene segments are brought into special
proximity of the recombinase-rich recombination center (RC), dis-
rupting the order of /gh rearrangements. Ep also interacts with a cluster
of CTCF-binding sites (3’CBE) located at the very 3’ end of the locus*
(Fig. 1a) that anchors a stripe (3'CBE stripe) that extends well over 1 Mb
into the Igh locus***. Deletion of 3’CBE leads to altered VD) and class
switch recombination*®*”. Of the three sequences that configure the 3’
Igh domain, it is noteworthy that only Eu does not bind CTCF. Thus, the
3’ Igh domain serves as a case study for mechanistic dissection of
interplay between CTCF-binding and non-binding regulatory sequen-
ces in mediating chromatin architecture and function.

In this study, we combined epigenetic, transcriptional, and
recombinational assays of WT and mutated /gh alleles to uncover
structure-function relationships between sequences that configure the
locus for the first step of gene assembly (Supplementary Data 1). We
demonstrate that deletion of Eu leads to partial fusion of two sub-TADs
located within 3’ 260 kb of the /gh TAD, indicating that Eu serves as a
boundary element. Eu also regulates the intensity of the 3’CBE stripe,
reflecting its impact throughout the 2.8 Mb locus. Analysis of /gh alleles
with Ep substituted by the EFla promoter show that sub-TAD forma-
tion arises from enhancer-bound proteins, while modulation of the 3’
CBE stripe is a consequence of enhancer-initiated bi-directional tran-
scription. By altering each CTCF-associated TAD anchor correspond-
ing to IGCR1 and 3’CBE, we identified sub-TADs with unidirectionally
oriented CTCF-binding sites and demonstrated that stripe direction,
but not boundary formation, depends on the orientation of CTCF sites.
Cumulatively, our studies elaborate mechanisms by which CTCF
binding and CTCF non-binding regulatory sequences cooperatively
establish functional chromatin domains.

Results

For these studies we focused on the roles of Ey, IGCR1 and the 3’CBE in
configuring the 3’ [gh domain. We started with an Abelson virus-
transformed recombinase deficient cell line (carrying a point mutation
in the catalytic domain of Ragl) that has unrearranged /gh alleles. We
generated mutated alleles using CRISPR/Cas9 and evaluated locus
conformation (by capture Hi-C or Hi-ChlIP), transcriptional status (by
directional RNA-Seq), CTCF/Rad21 binding and histone modifications
(by ChIP-Seq) and VDJ recombination after ectopic expression of Ragl.
Abelson virus-transformed (Abl) cell lines are widely utilized for elu-
cidating molecular mechanisms underlying /gh chromatin structure
and recombination*****2, While earlier studies have shown that
Abelson virus transformation affects Jgh locus compaction***, there is
no evidence that it impacts chromatin structure at the scale of hun-
dreds of kilobases, such as within the 3’ [gh domain. Moreover, in cells
used in our analyses the 3’CBE stripe, a reflection of long-range inter-
actions, extended 1.5Mb into the Vy region (see below), indicating
their suitability for studying interactions within this region.

Contributions of Eu

Using capture Hi-C (cHi-C) assay to probe /gh locus structure, we
visualized two sub-domains in the 260 kb region between IGCR1 and 3’
CBE reflecting Ep interactions with each end (Fig. 1b left). A previously
noted stripe extending from 3’CBE into the locus was also clear in cHi-
C assays reflecting long-distance interactions into the variable domain
(Fig. 1c, left, black arrow). Deletion of Eu (Supplementary Fig. 1a, b) led
to partial fusion of the two sub-domains, resulting in increased inter-
actions of the 60 kb Dy-containing region with sequences 3’ of En
(Fig. 1b and Supplementary Fig. 1c, middle and right, black dash rec-
tangle). We found that intensity of the 3’CBE stripe was also reduced in
the absence of Eu (Fig. 1c, Supplementary Fig. 1d and e, and Supple-
mentary Data 2). Representation of the cHi-C data as a differential
virtual 4C map using 3’CBE as the anchor further substantiated
reduced long-distance interactions with 3’CBE on Ep-deficient alleles
(Fig. 1d). This was not due to altered CTCF or cohesin recruitment
throughout the /gh locus (Fig. 1d). We conclude that Ep imposes sub-
structure to a CTCF-flanked 3’ [gh domain by serving as a boundary
element between two sub-TADs and accentuates long-range loop
extrusion of unrearranged /gh alleles. The sub-TAD between Ep and
IGCR1, contains the most frequently used Dy gene segments and the
RC, within which the first steps of Igh gene rearrangements occur.

Structural compensation of Eu by the EFla promoter

Enhancers can modulate chromatin structure by recruiting chromatin
modifying activities"***, seeding bulky nucleoprotein complexes or
by expressing enhancer-associated RNAs (eRNA). Eu is a source of
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Fig. 1| Effect of Ep deletion on Igh chromatin structure. a Schematic repre-
sentation of the /gh locus highlighting Eu (red oval, indicated by black arrow), IGCR1
(purple oval) and 3’CBE (blue and purple). Gene segments (Vy, Dy and Jy;) are
indicated as colored rectangles. The 3’ /[gh domain comprises 260 kb between
IGCR1 and 3'CBE. Proximal and distal refer to variable gene segments (Vy) close or
far away from 3’ Jgh domain, respectively. b, ¢ cHi-C profiles of the 3’ /gh domain on
wild-type (WT) and Ep-deficient (Eu™") Igh alleles. The genomic interval of the 3’ [gh
domain (b, chr12: 113200001-113500000, mm10) and entire /gh locus (c, chrl2:
113200001-116000000, mm10) are illustrated for both WT (left panel) and Eu”"
(middle panel) alleles. Heatmaps indicate normalized interaction frequencies.
Noteworthy interacting regions are demarcated by a black dash rectangle. High
cross-linking frequency reflecting loops between Ep and 3’CBE (Eu/3’CBE) or IGCR1
(Ew/IGCRI) are indicated by black ovals. Difference interaction map between WT
and Eu”" Igh alleles is shown on the right. Color code represents decreased (blue) or
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increased (red) interactions on Ey”" alleles. The cHi-C analysis of clone Eu” #1 is
presented in the middle panel, whereas data from clone Eu”" #2 is depicted in
Supplementary Fig. 1c. cHi-C data were visualized with software cooltools. Experi-
ment was independently repeated twice with similar results. d Virtual 4C repre-
sentation of cHi-C analysis using the 3’CBE as the viewpoint. Interacting reads
within the 20 kb 3’CBE region (chr12:113210001-113230000) were extracted from
cHi-C data (c) for WT and Eu”" alleles and mapped within the entire Igh locus
(chr12:113200001-116000000). Differential 4C analysis, contrasting Eu”~ and WT
Igh alleles, highlights alterations in 3’CBE-associated interactions, denoted by
increased (red) or reduced (blue) connections. IGCR1 and Eu are indicated by black
arrows and the 3’CBE anchor is indicated by the red arrow. ChIP-Seq profiles of
CTCF and Rad21 derived from WT or Eu”" pro-B cell lines are shown above virtual
4C maps. Experiment was independently repeated twice with similar results. See
also Supplementary Fig. 1, Data 1, 2.

bi-directional transcripts on unrearranged alleles®®. Sense-oriented
transcripts, that are stabilized by splicing and polyadenylation, com-
prise the dominant RNA species in pro-B cells whereas antisense
transcripts (of undefined length) are expressed at much lower levels
(Fig. 2a, b). To evaluate the contribution of transcriptional direction to

Ep-dependent chromatin structure, we replaced En with the EFlax
promoter in both orientations (Supplementary Fig. 2a-c). EFla™"
directs transcription toward Cu (sense orientation), whereas EF1aR®
directs transcription toward Dy-Jy region (antisense orientation)
(Fig. 2a). Introduction of the promoter induced H3K4me3 and
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H3K27ac regardless of orientation (Fig. 2b), whereas RNA expression
corresponded closely with promoter orientation (Fig. 2a, b). Sense-
oriented transcripts from EF1a™ were appropriately spliced and
expressed at comparable levels to WT, whereas EF1a*® induced higher
levels of antisense transcripts compared to WT alleles (Fig. 2b). EFla
promoter substitution in both orientations lowered CTCF binding at
IGCR1, however, Rad21 binding was reduced to a greater extent on

EF1o®® alleles (Fig. 2b). Neither orientation of EFla promoter affected
CTCF/Rad21 binding at the 3’CBE. Though transcription and activating
histone modifications of Eu-deficient alleles were restored by EFla
promoter insertions, VD] recombination was not (Supplementary
Fig. 2d). These observations indicate that locus structure is necessary
but insufficient to induce recombination. One possibility is that the
EFla promoter failed to recruit recombinase proteins and reconstitute
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Fig. 2 | Transcriptional and epigenetic status of Igh alleles with Eu substituted
by EFla promoter. a Transcriptional analysis of WT, Ep-deficient, and EFla pro-
moter replacement /gh alleles. Eu generates bi-directional (sense and antisense)
RNA. Eu was replaced by the EFla promoter in two different orientations. EF1a™
directs transcription toward the Cu (sense orientation), whereas EF1a*® directs
transcription toward Dy-Jy region (antisense orientation). RT-qPCR was performed
using primer pairs S1-S5 to assess the transcription profiles of various /gh alleles as
indicated. Transcription levels relative to WT are shown as the bar graphs. The data
are presented as mean + SEM from three independent experiments. Results from
two different EF1a™" and EF1a*® clones (#1 and #2) are shown. Pair primers P1-P4,

P2-P4, and P3-P4 were used for DJ,; rearrangement analysis of WT, Eu-deficient,
and EFla promoter replacement alleles (see Fig. 3c). The Experiment was inde-
pendently repeated three times with similar results. Source data are provided as a
Source Data file. b Transcriptional and epigenetic features of Eu”~ and EFla pro-
moter replacement /gh alleles. Directional RNA-seq and ChIP-seq analysis of Eu
manipulated cell lines are indicated. The 3’ /gh domain extending from IGCR1 to the
3’CBE is displayed. IGCR1, DQ52-Cp and Ep loci are highlighted by black, red and
green rectangles, respectively. B-actin locus (chr5:142,890,001-142,940,000) was
used as a control (right). Experiment was independently repeated twice with similar
results. See also Supplementary Fig. 2, Data 1, and 6.

a functional RC. Thus, replacement of Eu by EFla promoter recapitu-
lated some, but not all, features of WT /gh alleles.

Both orientations of EFla promoter restored the 3’ sub-TAD
(between Ep and 3’CBE) and associated interactions of Ep/EF1a region
with 3’CBE (Fig. 3a middle, quantified in the bar graph, and Supple-
mentary Fig. 3a). However, neither orientation restored interactions of
the region with IGCR1 (Fig. 3a, quantified in the bar graph, and Sup-
plementary Fig. 3a). We infer that orientation-independent features of
EFla promoter, such as restoration of 3’ sub-TAD, reflect extrusion
stalling by promoter bound proteins. By analogy we propose that Ep’s
ability to block cohesin extrusion is based on the nucleoprotein
complex formed on the enhancer. To investigate whether extrusion
stalling by Ep involves cohesin loading and/or release, we assessed the
occupancy of NIPBL and WAPL in WT and various Ep mutations using
ChlIP-seq. We found both NIPBL and WAPL were enriched at Ey, but not
EFla-substituted /gh alleles, suggesting that Ep plays a unique role in
regulating cohesin loading and unloading (Fig. 2b).

We also observed several orientation-dependent effects of EFla
promoter that we attribute to transcription. First, the 5’ boundary of
the 3’ sub-TAD (between EF1a and 3'CBE) was sharper on EF1a*® alleles
compared to EF1a™" alleles (Fig. 3a). Second, we observed increased
interactions of 3’CBE with EF1a within the 3’ sub-TAD on EF1a" alleles
whereas such interactions were reduced on EF1a®® alleles (Fig. 3a bar
graph, Supplementary Data 3). Third, we found that intensity of the 3’
CBE stripe was reduced on EF1a™" alleles compared to WT alleles; by
contrast, EF1a®® alleles retained a WT-like stripe (Fig. 3b, Supple-
mentary Fig. 1le and 3b, and Supplementary Data 2). Virtual 4C visua-
lization of the Hi-C data highlighted distinct chromatin states induced
by different orientations of EFla promoter (Fig. 3c). We observed
reduced interactions of the 3’CBE extending more than a Mb into the
Vy domain on both Ep-deficient and EF1a™ alleles (Fig. 3c, blue)
whereas these interactions were comparable on WT and EF1a* alleles
(Fig. 3¢, Supplementary Fig. 1e and Supplementary Data 2). We con-
clude that long-distance interactions of 3'CBE are facilitated by Ep and
EF1a®®, but not by EF1af*". We hypothesize that this is, in part, regu-
lated by antisense transcripts (directed away from 3’CBE) initiated at
Ep or EF1a®.

Contributions of IGCR1

We previously showed that Ep looped to the next available CTCF-
binding site located near the most proximal Vi gene segments in the
absence of IGCR1***, To systematically probe the contributions of
IGCR1 to locus conformation we carried out anti-CTCF and anti-Rad21
Hi-ChIP in WT and IGCR1™" pro-B cells (Fig. 4a). On WT alleles, IGCR1
contacts extended 5’ into the proximal Vi region, revealing prominent
interactions with a cluster of Vy; gene segments closest to the 3’ Igh
domain (Fig. 4b, black boxes). In addition, IGCRI interacted with En
and the 3’CBE. Sub-TADs were revealed on both sides of IGCR1, giving
it all the hallmarks of a classical boundary element. Weaker interac-
tions were evident between proximal Vy genes and Ey, perhaps
reflecting alleles that had escaped Eu sequestration by IGCR1 (Fig. 4b,
red boxes). As previously shown using lower resolution assays, Eu
interacted strongly with proximal Vy genes (Vy5-4, Vi2-2, Vi45-2, and
V,81X) (Fig. 4b, red boxes) in the absence of IGCR1, creating a 180 kb

sub-TAD (Ep-proximal V). We surmise that multiple ‘corner dots’
(Fig. 4b, red boxes) in this sub-TAD reflect Ep interactions with mul-
tiple Vi gene segment and their associated CTCF-binding sites. Pre-
sumably, these interactions occur in different cells.

A stripe anchored at IGCRI1 was lost in IGCR1-deficient alleles, the
3’CBE stripe was also reduced in the Ep-proximal Vy interval in the
absence of IGCRI1 (Fig. 4b, right, black arrow). Our interpretation is that
formation of the Ep-proximal Vy; sub-domain precludes interaction of
these Vy genes with 3’CBE. Beyond proximal V; genes, the 3’CBE stripe
increased (Fig. 4b, ¢, black arrow, Supplementary Fig. 4a and Supple-
mentary Data 4) in intensity reminiscent of stronger stripe formation
on EF1a® alleles. We propose that the common phenotype of IGCRI1-
deficient and EF1a™ alleles arises from loss of IGCRI-mediated impe-
diment to cohesin extrusion on IGCR1-deficient alleles, and increased
transcription-dependent extrusion on EF1a* alleles.

A sub-TAD with multiple CTCF-associated looping interactions
that encompassed about half the Vi; gene segments was maintained on
IGCR1-deficient alleles (Fig. 4c left and middle, black triangles). How-
ever, its 3’ boundary shifted from IGCR1 to more diffuse locations
within the proximal Vy genes on IGCRI-deficient alleles (Fig. 4c, mid-
dle, blue triangles). Creation of the domain on WT alleles utilizing
unidirectionally oriented CTCF-binding sites amongst Vy genes, with
one oppositely oriented site at IGCR1 is readily explained by current
models of loop extrusion. However, its persistence in the absence of
IGCR1 demonstrates (a) abundant CTCF-associated interactions
between similarly oriented sites within this domain (Supplementary
Fig. 4b, ¢) and (b) a 5’ domain boundary that is established by currently
unknown mechanisms. Our observations highlight functional distinc-
tions between CTCF-binding elements (such as IGCR1 versus proximal
Vi) and reveal their interaction with CTCF-lacking regulatory regions
(such as Ep) in the structural organization of Igh alleles.

Aberrant rearrangements on IGCR1-deficient alleles

Tampering with Ey/IGCR1 interaction has functional consequences.
Guo et al. noted premature Vy to Dy recombination in the absence of
IGCR1*. We found that VDy recombination occurred by either dele-
tional or inversional mechanisms on IGCRI-mutated alleles (Supple-
mentary Fig. 5a)*°, leading us to consider the possible fates of such VDy
recombined alleles that occur in the absence of IGCR1. Products of Vy
to Dy rearrangements (VDy) by deletion or inversion retain functional
Dy-associated RSSs (Fig. 5a, b, labeled 2 and 4). Such alleles could
rearrange by deletion to a Jy RSS (producing VDJ recombined alleles)
or by inversion to an upstream Vy RSS generating aberrant VDVy
recombined products (Fig. 5a, b, labeled 3 and 5). We probed for the
latter possibility using genomic DNA from an IGCR1-deficient pro-B cell
line (Fig. 5a) or bone marrow primary pro-B cells (Fig. 5b) as templates
for PCR amplification. In both cases we detected the low level of pre-
dicted VDVy recombination products that were confirmed by cloning
and sequencing (Supplementary Fig. 6a, b). We also obtained evidence
for Igh alleles that carried two recombination products (VDy and DJy)
on one allele, albeit with low efficiency (Fig. 5c, Supplementary
Figs. 5a-c and 6c). We conclude that various forms of aberrant rear-
rangements reduce the efficiency of functional /gh rearrangements on
IGCR1-deficient alleles.
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Contribution of 3'CBE

3'CBE is the third tether that configures the 3’ jgh domain***, Its deletion
has a small effect on Igh rearrangments* and partially reduces class
switch recombination in mature B cells”. Chromatin structural roles of
the 3'CBE have not been fully explored. We deleted or inverted a12 kb 3’
CBE region containing 10 CTCF-binding sites in pro-B cells (Fig. 6a,
Supplementary Fig. 7a, b) and assayed the effects by anti-CTCF Hi-ChIP.

3’CBE as viewpoint

L e e R ——— ~—— h 3

Deleting 3'CBE (3'CBE™") reduced the associated stripe and interactions
of the region with Ey and IGCR1 (Fig. 6b). Instead, proximal V genes
(VH2-2, Vi5-2, and Vi81X), IGCR1 and Eu interacted with appropriately
oriented CTCF-bound sites further downstream (Fig. 6b, red rectangle),
which correlated with increased CripI RNA levels (Fig. 6¢).

Inverting 3'CBE generated a strong stripe away from the /gh locus
and reduced the stripe into the locus (Fig. 6b, d, Supplementary
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Fig. 3 | Altered chromatin structure on EFla promoter replacement Igh alleles.
a, b cHi-C analysis of the 3’ [gh domain (a) and entire /gh locus (b). Interactions
within the 3’ [gh domain are depicted as a heatmap for WT (left panel) and EFla
promoter replaced (middle panel) /gh alleles. Difference interaction maps
between WT and EFla promoter replaced /gh alleles are shown on the right.
Heatmaps indicate normalized interaction frequencies. Color code represents
decreased (blue) or increased (red) interactions on the EFla promoter replaced
Igh alleles. Interactions involving Eu or EFla with 3’CBE (Ep or EF1a/3’CBE) or
IGCR1 (Eu or EF1a/IGCR1) were quantified using capture Hi-C data, as described in
the “Methods” section. Ratios of EF1a™" #1 or EF1a*®" #1 to WT signals are
graphed, with WT normalized to 1. The data are presented as the mean, with each
data point representing results from two independent experiments. The cHi-C

analysis of clone EF1a™" #1 and EF1a® #1 are presented in the middle panel,
whereas data from clone EF1a™ #2 and EF1a®® #2 are depicted in Supplementary
Fig. 3a. cHi-C data were visualized with software cooltools. Experiment was
independently repeated twice with similar results. Source data are provided as a
Source Data file. ¢ Virtual 4C representation of cHi-C analysis using the 3'CBE as
the viewpoint. Interacting reads within the 20 kb 3’CBE region (chr12:113210001-
113230000) were extracted from cHi-C data (b) and mapped within the entire /gh
locus (chr12:113200001-116000000). Differential 4C analysis, contrasting Eu”" #1,
EF1of #1, EF1a®® #1 and WT Igh alleles, highlights alterations in 3’CBE-associated
interactions, denoted by increased (red) or reduced (blue) connections. Experi-
ment was independently repeated twice with similar results. See also Supple-
mentary Fig. 3, Data 1-3.

Fig. 8a, b). A residual stripe into the /gh locus on 3’CBEInv alleles may
reflect low level cohesin stalling at ‘incorrectly’ oriented CTCF sites.
Inversion of 3’CBE also led to reduced interactions of Eu with 3’CBE
(Fig. 6b, bottom left and middle, Supplementary Fig. 8c and Supple-
mentary Data 5). However, the inverted 3'CBE continued to act as a
boundary element and prevented out-of-locus interactions of IGCR1
and Ep with downstream genes. Accordingly, Cripl gene expression
was not much altered on 3’CBE™ alleles compared to WT alleles
(Fig. 6¢). Loss, but not inversion, of 3’'CBE merged the 3’ sub-TAD A
with the /gh locus to form a larger sub-TAD A+ that extended until
IGCRI1 (Fig. 6d). We conclude that orientation of CTCF-binding sites at
the 3’CBE determines stripe orientation but not boundary formation.

Discussion

Genome-wide studies have revealed general principles of chromatin
folding that include organization into compartments, TADs and
loops™°. Because folding achieves distinct functional outcomes at
different loci, understanding how these forces cooperate to establish
appropriate configurations must come from probing locus-specific
mechanisms®-®2, Here we carried out a systematic structure/function
analysis of the /Igh locus focusing on three regulatory elements (Ey,
IGCR1 and 3’CBE) in the 3’ Igh domain that regulate DNA recombina-
tion and transcription. We found that the CTCF-lacking enhancer Eu
serves as a boundary element within a CTCF bounded TAD and
accentuates the stripe anchored by 3’CBE. By substituting the enhan-
cer with an active promoter, we partially separated its role in sub-TAD
formation from that in stripe extension. In contrast to Ep, CTCF-
binding IGCR1 attenuates the 3’CBE stripe, indicating mutually antag-
onistic effects of Ep and IGCRI. Lastly, we show that direction of the 3’
CBE stripe has a relatively minor role in its boundary function. Impli-
cations of these observations are discussed below.

Ep plays an essential role in B lymphocyte development by reg-
ulating /gh gene assembly and expression. We propose that Eu func-
tions as a sub-TAD boundary by stalling cohesin extrusion. Unlike
CTCF-mediated stalling sites, however, we did not observe cohesin
accumulation at Ep. We surmise this is because cohesin is efficiently
removed from the genome by Ept-associated WAPL. One mechanism by
which the small (60 kb) 5" sub-TAD forms is by blocking cohesin loaded
between IGCR1 and Ept by each regulatory element. Similarly, cohesin
loaded between Ep and 3’CBE stalls at these elements to generate the
larger (200 kb) sub-TAD. This mechanism of establishing the structure
of the 3’ Jgh domain implies that Ep is an orientation-independent
extrusion stalling element. Alternatively, NIPBL accumulation at Ep
suggests it may recruit cohesin, thereby initiating loop extrusion bi-
directionally until terminated by CTCF bound to IGCR1 and 3’CBE. The
two models are not mutually exclusive, and sub-TAD formation on
EFla-substituted alleles indicates that Ep is not essential for cohesin
recruitment to the 3’/gh domain. While Ept is necessary for processes
like V(D)J recombination and cohesin stalling, our data do not address
its sufficiency for these functions. Whether cohesin blocking ability is a
property of all enhancers and promoters remains to be determined.
Association of p300/CBP, a marker of many enhancers, with loop

anchors suggests this is very plausible*’. We hypothesize that enhan-
cer/promoter communication between elements that lack proximal
CTCF motifs, or have CTCF at only one location, may proceed similarly.
Ep may block loop extrusion by interfering with cohesin pro-
gression because of the assembled nucleoprotein complex or by acti-
vating transcription. We demonstrate that replacing Eu with various
orientations of the EFlax promoter recapitulates some aspects of Eu
function. This includes features such as H3K4me3 and H3K27ac mod-
ifications, transcriptional activity, the delineation of neighboring sub-
TADs, and interactions with 3’CBE. However, the EFla promoter does
not facilitate VDJ recombination, highlighting a distinct and irreplace-
able role for Eu in B cell development. Based on the observation that
replacing Ep with EFla promoter in either orientation restored sub-
TAD structure to the 3’ [gh domain, we propose that nucleoprotein
complex formation is sufficient to stall cohesin movement. Such a
complex could involve only enhancer binding proteins and associated
co-factors or include RNA polymerase Il as recently proposed®. We
note some caveats with this interpretation. First, we cannot rule out
that RNA synthesis by RNA polymerase Il is a part of the blocking
mechanism®, Active transcripts would be initiated irrespective of
promoter orientation in our enhancer/promoter swap experiments.
Second, though each orientation of the EFla promoter drives strong
transcription in the expected direction, it is possible that low levels of
transcripts in the opposite direction are sufficient to block extrusion.
Nevertheless, our observations support the idea that enhancers and
promoters can gain proximity by stalling loop extrusion.
Architectural stripes detected by Hi-C remain an enigmatic fea-
ture of chromatin structure. Their visualization represents higher-
than-background interaction of a limited genomic region (the stripe
anchor) with many sites across a larger region. In highlighting this
feature, Vian et al. proposed that stripes occur when the cohesin
complex loads near CTCF-binding sites, such that extrusion is pre-
vented in one direction’. Unidirectional extrusion in the other direc-
tion thus ‘reels in” sequences that contact the stripe anchor and are
revealed as a Hi-C stripe. Only parts of this provocative model have
been experimentally tested. By investigating stripe formation with
several genetically altered Igh alleles, we added several insights into
mechanisms by which a stripe is generated and its functions. First, we
experimentally validated the prediction that orientation of CTCF sites
at the anchor determines stripe direction. Concurrently, we dis-
covered that stripe direction contributed little to boundary functions
of the associated CTCF sites. Second, we demonstrated that tran-
scriptional orientation impacts stripe intensity. Cohesin movements
have been previously connected with RNA polymerase activity*. Our
analysis of EF1a promoter substituted /gh alleles directly demonstrates
that transcriptional orientation, but not the enhancer/promoter-asso-
ciated nucleoprotein complexes, regulate stripe intensity. Third, ana-
lysis of IGCR1-deficient alleles revealed that stripe intensity could be
modulated to varying degrees along its length. Specifically, the 3’CBE
stripe was strengthened beyond proximal Vys but weakened between
Ep and proximal Vy gene segments on IGCRI-deficient alleles. We
reasoned that diminution of the stripe in precisely the region
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as the IGCR1™ alleles. b, ¢ CTCF and Rad21 Hi-ChlP analysis. Hi-ChIP profiles of
CTCF and Rad21 are shown for the 3’ jgh domain (chr12: 113200001-113800000,
mm10) (b) and the entire /gh locus (c) in WT alleles (left panel) and IGCR1-deficient
alleles (middle panel). Heatmaps indicate normalized interaction frequencies. The

113200001-11600000 (Igh)

| b
= [l g o i
4 b= i e t
3 £ : +30
L Lo
4 I 30
!
i

113200001-11600000 (Igh)
5'CBE

IGCR1 —|—|

IGCR1 —|-|
i

I

7

¥ 1-15-V,,81X

IGCR1-VS WT

15-V,,81X

IGCR1-VS WT

3’CBE-associated stripe is indicated by black arrows (b, c). Interactions between
proximal Vi (Vy5-4, Viy2-2, Vi45-2, and V81X) and Ep or IGCRI are indicated by red
or black boxes, respectively (b). Two distinct sub-TAD regions, V1-15-IGCR1 and
Vu1-15-Vy81X, are marked by black and light blue triangles, respectively (c). Vy1-15 is
located at 5’ of the V,y enhancer Ey;2'°. The data are representative of two biological
replicate experiments. Hi-ChIP data were visualized with software cooltools.
Experiment was independently repeated twice with similar results. See also Sup-
plementary Fig. 4, Data 1 and 4.
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IGCRI1 deletion. VDV rearrangements were analyzed using indicated primer pairs
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circle), respectively. ROSA26 serves as the loading control. The data presented are
representative of two biological replicate experiments. Experiment was indepen-
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2 3

the same IGCRI1-deficient alleles. The 2F1 cell line, deficient in Rag2, harbors a
DSP2.2a-J,;2 rearrangement on one allele and a DQ52-J,;1 rearrangement on the
other allele (also refer to Supplementary Fig. 5b). V;81X recombined to the 5" and 3’
ends of the DSP2 gene segment through inversion (labeled 2) or deletion (labeled 3)
on IGCR1-deficient alleles with DJy, rearrangement were analyzed using indicated
primer pairs. Inversions (P1-P2) and deletions (P1-P3) of V;;81X-DSP2 rearrange-
ments are depicted in Ragl/2-infected WT or IGCR1-deficient 2F1 cell lines (red
rectangle). V81X s the first functional Vi, gene, while DSP2 (including DSP2.2a) and
DQ52 are Dy genes. ROSA26 serves as the loading control. Experiment was inde-
pendently repeated twice with similar results. See also Supplementary

Figs. 5 and 6, Data 6.
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(proximal Vy-Ep) that is marked by strong corner dots (Fig. 4b, red
rectangle) on IGCRI-deficient alleles suggests that looped domains
serve as barriers to stripe formation. In the model of stripe anchors
serving as unidirectional extrusion initiators, it is difficult to explain
the weakening of a stripe near the anchor and its strengthening several
hundred kbs away. We hypothesize that stripe anchors might also be

strong terminators of extrusion initiated variably across a genomic
region. In this view, the absence of IGCR1 may permit a greater pro-
portion of extrusion events initiated in the 5’ region of the locus to
progress until 3’CBE on alleles that lack Ep-proximal Vy interactions.
The extent to which our observations are generalizable genome-wide
remains to be determined.
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Fig. 6 | Chromatin structure effect of deleting or inverting 3'CBE. a Schematic
map of Igh locus highlighting the presence of 3’CBE (denoted by a blend of blue and
purple ovals). b CTCF Hi-ChlIP profiles for the genomic interval chr12:112800001-
113700000, mm10, are illustrated for WT alleles (left panel) and 3'CBE-deficient (3’
CBE™") or inverted alleles (3CBE™ #1) (middle panel). Heatmaps indicate normal-
ized interaction frequencies. Interactions involving En with 3’CBE (En/3’CBE, black
arrow) were quantified using CTCF Hi-ChIP data, as described in the “Methods”
section, and presented after normalization to WT alleles as the mean, with each
data point representing results from two independent experiments. Vy2-2, Vi;5-2,
and V81X are proximal Vy genes. TmemI2I and Cripl are denoted by red arrows.
The WT and inverted 3'CBE stripes are distinguished by green and orange arrows,
respectively. The Hi-ChIP analysis of clone 3’CBE”~ and 3’CBE™ #1 are presented in
the middle panel, whereas data from clone 3’CBE™ #2 is depicted in Supplementary
Fig. 8a. The Experiment was independently repeated twice with similar results.
Source data are provided as a Source Data file. ¢ Transcriptional analysis of 3'CBE-

deficient or inverted /gh alleles. Genome browser tracks showing CTCF ChIP-Seq
and directional RNA-Seq data are presented for WT, 3’CBE”", and 3'CBE™ #1 and 3’
CBE™ #2. CTCF ChIP-Seq data were extracted from CTCF Hi-ChIP experiments. On
the right, RT-qPCR results from WT, deficient, or inverted 3'CBE /gh alleles are
displayed. Two sets of CripI primers were utilized: CripI (a) and CripI (b). Sense
transcript initiated at Ep is used as a control. The data are presented as mean + SEM
from three independent experiments. CTCF ChIP-Seq and directional RNA-Seq
experiments (left) were independently repeated twice with similar results. Source
data are provided as a Source Data file. d CTCF Hi-ChlIP profiles for the genomic
interval chr12: 112500001-11680000, mm10, are provided for WT, 3'CBE-deficient,
or 3’CBE-inverted alleles. The WT and inverted 3’CBE stripes are distinguished by
green and orange arrows, respectively. The “+” indicates an extended configura-
tion. Specifically, “A+” represents the extended TAD A. The Experiment was inde-
pendently repeated twice with similar results. See also Supplementary Fig. 7, 8,
Datal,s5, 6.

Methods

Detailed methods were expanded in the Supplementary Information.

Cell lines

WT, RAG2™", IGCR17°(1), IGCR17(2) were kindly provided by David G.
Schatz (Yale University) and Frederick W. Alt (Harvard Medical
School), respectively. IGCR17~ and 2F1 were from our lab as previously
described*’. These cell lines were Abelson virus-transformed pro-B cell
line and cultured in RPMI medium with 10% fetal bovine serum (FBS),
1x MEM non-essential amino acids solution, and 1 x 2-Mercaptoethanol
at 37°C in a 5% CO, humidified atmosphere. RAG2™", 2F1, IGCR1 A(#1),
IGCR1 A(#2), IGCR17°(1), IGCR17(2) pro-B cell lines were generated
from mouse strain 129/Sv with endogenous RAG2 deficiency. 2F1 pro-B
cell line was derived from RAG27~ pro-B cell line and contained DQ52-
to-Jyl rearrangement in one allele and DSP2.2a-to-J,;2 rearrangement in
the second by transient transfection of a RAG2 expression vector.
IGCR1 A(#1) and IGCR1 A(#2) were derived from 2F1 with the deletion
of IGCRIby CRISPR-Cas9 system, described below. IGCR17°(1) and
IGCR17°(2) pro-B cell lines carried mutation of two CTCF-binding ele-
ments at the IGCR1 locus. WT pro-B cell line and its derivative cell lines
IGCRI™", Eu™ #1, En™™ #2, EF1o" #1, EF1o" #2, EF1oR® #1, EF1o®® #2, 3/
CBE™", 3'CBE™ #1 and 3'CBE™ #2 expressed a catalytically inactive
RAGI together with endogenous RAG2 from mouse strain C57BL/6].
IGCR1™" (IGCR1 deletion), Eu”~ #1 (Eu deletion), Eu” #2 (Eu deletion),
EF1a™" #1 (replacement of En with forward orientation of EFla pro-
moter), EF1a #2 (replacement of Eu with forward orientation of EFla
promoter), EF1o®®" #1 (replacement of Eu with reverse orientation of
EFla promoter), EF1a*® #2 (replacement of Eu with reverse orientation
of EFla promoter), 3’CBE™~ (3'CBE deletion), 3'CBE™ #1 (3'CBE inver-
sion) and 3'CBE™ #2 (3'CBE inversion) were generated with CRISPR-
Cas9 system, described below.

Plasmids

gRNAs were cloned into lentiCRISPR v2 (Addgene, #52961) or
pSpCas9(BB)-2A-GFP (PX458) (Addgene, # 48138) according to Feng
Zhang (Massachusetts Institute of Technology) lab protocol. Forward
or reverse EFla promoter donor pGEM®-T Vector: These two donor
plasmids were generated with two different steps. Step one: 4.3 kb
DNA fragment covering Eu was inserted into pGEM®-T Vector (Pro-
mega, #A3600). Step two: 1.2kb EFla promoter DNA fragment was
amplified from plasmid pHIV-Zsgreen (Addgene, #18121). Eu DNA was
replaced with EFla promoter DNA. The plasmid sequenced was con-
firmed by Sanger Sequencing provided by Azenta Life Sciences.

Antibodies

Antibodies information were listed below: Anti-trimethyl-Histone H3
(Lys4) antibody from MilliporeSigma (#07-473) (2 ul per 1 million cells),
histone H3K27ac antibody from Active Motif (#39133) (2 ul per 1 mil-
lion cells), anti-CTCF antibody from Abcam (#ab70303) (4 ul per 1

million cells for ChIP-Seq and 2.5 pl per 5 million cells for Hi-ChlIP), anti-
Rad21 antibody from Abcam (#ab992) (2 ul per 1 million cells for ChIP-
Seq and 2.5 ul per 5 million cells for Hi-ChlIP), anti-NIPBL antibody from
Bethyl Laboratories (#A301-779A) (4 ul per 2 million cells) and anti-
WAPL antibody from Proteintech (#16370-1-AP) (4ul per 2 mil-
lion cells).

Pro-B cell lines generation

Fu” #1, Eu”” #2, IGCR1 A(#1) and IGCR1 A(#2): These pro-B cell lines
were generated with lentiviral CRISPR-Cas9 systems as previously
described***%. EF1a™" #1, EF1o" #2, EF1a®® #1, EF1a®® #2, 3’CBE™, 3’
CBE™ #1, and 3'CBE™ #2: These pro-B cell lines were generated with
the electroporation method. These pro-B cell lines were confirmed by
PCR, southern blot, and high throughput sequencing.

Capture Hi-C

The capture Hi-C was carried out as previously described (Qiu et al.*°).
Hi-C was performed using the Arima Hi-C Kit (Arima Genetics Inc.
Cat#A510008), and for each sample, 1x10° cells were used. Hi-C
libraries were hybridized to Igh probes (mmlO, chri2:
113,201,001-116,030,000,) designed and manufactured by Agilent
(Agilent Technologies Inc.) as specified by the manufacturer. Libraries
were uniquely barcoded and pooled to be sequenced on an Illumina
NovaSeq instrument (2 x 150) to a depth of 100-200 million reads. See
Supplementary Data 1.

Hi-ChIP

Hi-ChIP was performed using the Arima Hi-C+ Kit (Arima Genetics Inc.
Cat# A101020) precisely following the manufacturer’s protocols (Hi-
ChlIP, Arima-Hi-C+ documents A160168 vOO and library preparation,
A160169 v00). For each sample, 5 x 10° cells were used. Libraries were
uniquely barcoded and pooled to be sequenced on an Illumina Nova-
Seq instrument to an average depth of 200 million reads. See Sup-
plementary Data 1.

ChIP-seq

1x10° cells were cross-linked using 1% formaldehyde (Sigma) by add-
ing 27 ul from a 37% stock buffer and incubating for 10 min at room
temperature, quenched with 125 mM of glycine and lysed in lysis buffer
(1% SDS, 10 mM EDTA, 50 mM Tris-HCI, PH 8). Chromatin was soni-
cated with Bioruptor (Diagenode, 30 s on/ 30 s off, 15 min on time) and
diluted 10x with dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7mM Tris-HCI, PH 8.0, 167 mM NaCl), and followed by
immunoprecipitation with specific antibodies overnight at 4 °C. Add
30 ul magnetic protein A beads and incubate 2 h at 4 °C. Beads bound
chromatin was washed with one time of low salt buffer (0.1% SDS, 1%
Triton X-100, 150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCI pH 8.0), high
salt buffer (0.1% SDS, 1% Triton X-100, 500 mM NaCl, 2mM EDTA,
20 mM Tris-HCI pH 8.0), LiCl buffer (0.25 M LiCl, 1% NP-40, 1% sodium
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Deoxycholate, 1 mM EDTA and 10 mM Tris-Cl, PH 8) and two times of
TE buffer (10 mM Tris-HCI). After the last wash, resuspend the beads in
109 ul of TE, add 6 pl of 10% SDS, 5 ul of 5 M NaCl and incubate at 65 °C
for 4 h. Then add 2.5 ul of 20 mg/ml proteinase K and incubate at 55 °C
for 2 h. Isolate DNA using AMPure XP beads according to the manual.

For ChIP experiments targeting NIPBL (antibody: Bethyl A301-
779A) and WAPL (antibody: Proteintech 16370-1-ap), we adapted the
protocol from Bossen et al.’, with a few modifications. Two million
pro-B cells were initially cross-linked with 1.5mM EGS at room tem-
perature for 15 min with continuous rotation. This was followed by
fixation with 1% formaldehyde for 15 min at room temperature, also
with rotation, and quenched using 200 mM glycine. After washing
twice with PBS, cells were then resuspended in a buffer containing 1%
SDS and incubated for 10 min on ice before sonication. Please note we
extended the shearing time to a total of 20 min. Other steps followed
the original protocol without further deviations.

The ChiIP-seq libraries were prepared using the TruSeq Nano DNA
Low Throughput Library Prep Kit (Illumina, Cat#20015964) according
to the manufacturer’s protocol. Samples were indexed using the Tru-
Seq DNA Single Indexes Set A (Illumina, Cat#20015960) and pooled for
sequencing.

Genomic DNA-free RNA extraction

Genomic DNA free RNA was extracted from pro-B cell lines with
RNeasy Plus Mini Kit (Qiagen, Cat# 74134) and RNase-Free DNase
(Qiagen, Cat# 79254). 4 x10° cells were used.

RT-qPCR

Genomic DNA free RNA was extracted from pro-B cell lines WT, Eu™™ #1,
EF1a™" #1, EF1af" #2, EF1a® #1, EF1a®® #2 as above described. 1pg
RNA was used to generate cDNA with SuperScript™ IV First-Strand
Synthesis System (Thermo Fisher Scientific, # 18091050) with random
hexamers according to the manufacturer protocol. Approximately 1/
40 of the reverse-transcription-generated cDNA was analyzed with
iTaq Universal SYBR. Primers that were used for PCR are provided in
Supplementary Data 6. Normalization was performed with two dif-
ferent normalizations. First step was to normalize with internal control
GAPDH. Second step was to normalize with the WT pro-B cell line.

Directional RNA-Seq

Directional RNA-Seq experiments were performed with two steps:
rRNA depletion (PerkinElmer, Cat# NOVA-512961) and rapid direc-
tional RNA-Seq (PerkinElmer, Cat# NOVA-5198-01) according to man-
ufacturer protocol. 1ug total RNA was used for rRNA depletion.
Checked RNA pattern before and after rRNA depletion with High
Sensitivity RNA ScreenTape Analysis (Agilent Technologies). rRNA
depleted RNA with RIN score higher than 9 was used for directional
RNA-Seq. Quantity DNA concentration with Qubit™ 1x dsDNA High
Sensitivity (HS) and Broad Range (BR) Assay Kits. Examine libraries
with High Sensitivity DNA ScreenTape Analysis. Libraries were
sequenced with NovaSeq SP flow cell 2x150bp. See Supplemen-
tary Data 1.

RNA-free genomic DNA extraction

RNA-free genomic DNA was extracted from mouse total bone marrow
or pro-B cell lines with DNeasy Blood & Tissue Kit (Qiagen, # 69504)
and RNase A (Qiagen, # 19101).

DJy recombination

WT, Eu”" #1, EF1af #1, EF1a™" #2, EF1a® #1 and EF1o®® #2 were
infected with lentivirus containing plasmid pHIV-RAGI-IRES-puro. 2F1,
IGCR1 A(#1), and IGCR1 A(#2) were infected with lentivirus containing
dual plasmid pHIV-RAG2-IRES-puro and pHIV-RAGI-IRES-BFP. Lenti-
virus containing RAG2 infected RAG2”, IGCR17°(1) and IGCR17°(2)
were described before*’. Lentivirus preparation was described as

above. Pro-B cell lines were infected with fresh lentivirus containing
RAGI or along with RAG2. BFP or puromycin positive cells were har-
vested for fluorescence-activated cell sorting (FACS) analysis and
genomic DNA isolation on day 28 after infection. Fivefold serial dilu-
tions of genomic DNA (200 ng, 40 ng, 8 ng) were used to perform PCR
to analyze DJy; rearrangements. Primers used in this assay were listed in
Supplementary Data 6. Primers flanking the ROSA26 gene were used as
a loading control under the same conditions.

Bioinformatic analysis

Capture Hi-C and Hi-ChlIP analysis. Capture Hi-C and Hi-ChIP reads
were aligned to the mm10 genome and processed using Juicerl to
generate.hic files. Juicer was run with the flags “-g mm10 -s Arima” for
WT experiments. For mutant experiments, mutant genomes created
by editing the mm10 genome sequence FASTA file by replacing the
743 bp region chr12:113427140-113427882 with the forward or reverse
EFla promoter sequence and deleting the 436 bp region chri2:
113427883-113428318. Mutant genome FASTA files were provided to
Juicer using the “-z” flag when processing reads from mutant experi-
ments. To compare WT and mutant experiments, capture Hi-C and Hi-
ChIP data were normalized in two ways: (1) by down-sampling each
experiment to the same number of total contacts and (2) by down-
sampling each experiment to the same number of contacts within the
Igh locus.

For Capture Hi-C experiments, contacts between regions within
2000 bp were removed prior to down-sampling and heatmaps were
balanced using the “balance” command from Cooler®. Difference
maps were calculated by subtracting the WT contacts from the mutant
contacts for both Capture Hi-C and Hi-ChIP. Capture Hi-C heatmaps
were visualized using cooltools and are shown in log scale with
5000 bp resolution bins (Figs. 1b, ¢, 3a, b, Supplementary Figs. 1c, d
and 3a, b). For Hi-ChIP experiments, contacts within 2000 bp were
removed in some cases (Fig. 6b, d, Supplementary Fig. 6¢, d) and notin
others (Fig. 4b, c). Hi-ChIP heatmaps were visualized using cooltools
and are shown in linear scale with 5000 bp (Figs. 4b, 6b and Supple-
mentary Fig. 6c) and 10,000bp (Figs. 4c, 6d, Supplementary
Fig. 1d and 6d) resolution bins. Detailed information is listed at Sup-
plementary Data 1.

3’CBE stripe calculation

The coordinates for the 3’CBE stripe anchor location are
chr12:113215304-113225303. For cHi-C data (Figs. 1 and 3), the Vy locus
(chr12:113578001-115178000) was segmented into four adjacent
600 kb segments, with the read counts for each segment being cal-
culated. Subsequently, the ratios of reads for the Eu-deficient and EFla
promoter replacement conditions were determined in relation to WT
(Supplementary Fig. 1e). For CTCF or Rad21 Hi-ChlP (Fig. 4), The read
counts of the Vy locus (chr12:113628001-115178000), excluding the
proximal Vy region, were summed (Supplementary Fig. 4a). Counts
number information is listed in Supplementary Data 2 and 4.

Loop quantification

To quantify the interaction frequency for loops between Eu/EF1a, 3'CBE
and IGCR1 in capture Hi-C (Fig. 3a) and Hi-ChlIP (Fig. 6b) experiments,
the number of contacts between these regions was counted after the
experiments were down-sampled to the same number of contacts. The
following mm10 coordinates were used to quantify interactions: Ey/
EFla chri2:113426062-113429061, 3’CBE chr12:113215304-113225303,
and IGCR1 chr12:113484501-113488500. Reads number was listed in
Supplementary Data 3 and 5.

Virtual 4C analysis

To perform virtual 4C, capture Hi-C data were first converted from .hic
to .mcool format using hic2cool (https://github.com/4dn-dcic/
hic2cool). Capture Hi-C contacts were binned at 10 kb resolution and
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the number of contacts between each 10 kb bin and the 3’CBE (defined
as the region chril2:113,210,000-113,220,0000) was calculated using
Cooler®®, To compare mutant data with WT data, the log2 ratio was
calculated for each 10kb bin. Virtual 4C data were visualized
using IGV®,

ChlP-seq analysis

ChlIP-seq reads were aligned to the mm10 genome using bwa-mem2.
For mutant experiments, a bwa-mem2 index was created for each
mutant genome sequence and bwa-mem2 was used to align reads to
the mutant genome. Aligned reads were converted to bigWig format
using deepTools bamCoverage with the flags “—normalizeUsing CPM
-ignoreDuplicates ~-minMappingQuality 30 -binSize 1”. To compare
single-end and paired-end ChIP-seq experiments, paired-end reads
were processed as single-end reads. To compare ChIP-seq experiments
with different read lengths, reads were trimmed to 61bp using
trimmoatic’®. ChIP-seq data were visualized using IGV*°. CTCF and
Rad21 Hi-ChlIP reads were also processed using this approach to gen-
erate ChIP-seq-like tracks that were visualized with IGV. Detailed
information is listed at Supplementary Data 1.

RNA-seq analysis

RNA-seq reads were aligned to the mml0 genome using STAR”.
Aligned reads were converted to bigwig format and filtered by strand
orientation using deepTools’> bamCoverage with the flags “—normal-
izeUsing CPM —filterRNAstrand forward” or “—normalizeUsing CPM
—filterRNAstrand reverse”. RNA-seq data were visualized using IGV®’.
Detailed information is listed at Supplementary Data 1.

Statistical analysis
Statistical analysis was performed using t-test. Significance levels are
indicated by “** for p<0.01 and ‘ns’ for p > 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request. All genome-wide datasets
generated in this study have been deposited in the NCBI database
under Gene Expression Omnibus portal (GSE241661 [https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE241661], = GSE241667
[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE241667],
GSE241668  [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE241668], GSE241740 [https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE241740], GSE280719 [https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE280719]). Source data for the figures and
Supplementary Figures are provided as a Source Data file. Source
data are provided with this paper.
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