Cell Reports

Intra- and interchromosomal contact mapping
reveals the Igh locus has extensive conformational
heterogeneity and interacts with B-lineage genes

Graphical abstract Authors

Olga Mielczarek, Carolyn H. Rogers,
0 ® B cell progenitor Yinxiu Zhan, ..., Peter Fraser,

Luca Giorgetti, Anne E. Corcoran
Correspondence

Chromosomal contacts: anne.corcoran@babraham.ac.uk

Inter-
In brief
/— \ Mielczarek et al. use Capture Hi-C to
/‘,% obtain a detailed map of chromosomal
W *O:-/\w interactions within the immunoglobulin

heavy-chain locus. Polymer modeling
¢ C / Igk shows that each Igh structure is unique,
(- \ st] J enabling antibody diversity. The Ig loci

associate with key B lineage genes in a

Igh — developmental-stage-specific
vy . interchromosomal network.
Dn
E
JH VE

Highlights
e Capture Hi-C maps intra- and interchromosomal contacts of
the immunoglobulin heavy chain

e Polymer modeling shows thousands of different Igh
structures that underpin diversity

e The Ig loci participate in a stage-specific interchromosomal
network with B lineage genes

Mielczarek et al., 2023, Cell Reports 42, 113074
September 26, 2023 © 2023 The Authors. S
https://doi.org/10.1016/j.celrep.2023.113074 Co CellP’ress



mailto:anne.corcoran@babraham.ac.uk
https://doi.org/10.1016/j.celrep.2023.113074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113074&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Intra- and interchromosomal contact mapping
reveals the Igh locus has extensive conformational
heterogeneity and interacts with B-lineage genes

Olga Mielczarek,-6:16 Carolyn H. Rogers,’-%"¢ Yinxiu Zhan,>7-16 Louise S. Matheson,"-2 Michael J.T. Stubbington,'-¢
Stefan Schoenfelder,’ Daniel J. Bolland,’-2° Biola M. Javierre,'-'° Steven W. Wingett,*'" Csilla Varnai,'-'?

Anne Segonds-Pichon,*'2 Simon J. Conn,* Felix Krueger,*'4 Simon Andrews,* Peter Fraser,'-'® Luca Giorgetti,>

and Anne E. Corcoran'-217:*

Nuclear Dynamics Programme, Babraham Institute, Babraham Research Campus, Cambridge CB22 3AT, UK

2lmmunology Programme, Babraham Institute, Babraham Research Campus, Cambridge CB22 3AT, UK

3Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, 4058 Basel, Switzerland

4Bioinformatics Group, Babraham Institute, Babraham Research Campus, Cambridge CB22 3AT, UK

SFlinders Health and Medical Research Institute, College of Medicine and Public Health, Flinders University, Bedford Park, SA 5042, Australia
SPresent address: Horizon Discovery (PerkinElmer) Cambridge Research Park, 8100 Beach Dr., Waterbeach, Cambridge CB25 9TL, UK
“Present address: Instituto Europeo di Oncologia, Via Adamello 16, 20139 Milan, Italy

8Present address: CS Genetics, Cambridge, UK

9Present address: PetMedix, B940, Babraham Research Campus, Cambridge CB22 3FH, UK

10Present address: Josep Carreras Leukemia Research Institute, Campus ICO-Germans Trias i Pujol Ctra de Can Ruti, 08916 Barcelona,
Spain

Present address: MRC Laboratory of Molecular Biology, Cambridge Biomedical Campus, Francis Crick Ave, Trumpington, Cambridge CB2
0QH, UK

12Present address: Institute of Cancer and Genomic Science, University of Birmingham, 6 Mindelsohn Way, Birmingham B15 2SY, UK
13Present address: MRC Unit The Gambia at LSHTM, Atlantic Boulevard, Fajara, The Gambia

14Present address: Altos Labs, Cambridge, UK

15Present address: Department of Biological Science, Florida State University, 319 Stadium Drive, Tallahassee, FL 32306-4295, USA
16These authors contributed equally

17Lead contact

*Correspondence: anne.corcoran@babraham.ac.uk

https://doi.org/10.1016/j.celrep.2023.113074

SUMMARY

To produce a diverse antibody repertoire, immunoglobulin heavy-chain (Igh) loci undergo large-scale alter-
ations in structure to facilitate juxtaposition and recombination of spatially separated variable (V), diversity
(Dn), and joining (Jy) genes. These chromosomal alterations are poorly understood. Uncovering their patterns
shows how chromosome dynamics underpins antibody diversity. Using tiled Capture Hi-C, we produce a
comprehensive map of chromatin interactions throughout the 2.8-Mb Igh locus in progenitor B cells. We
find that the Igh locus folds into semi-rigid subdomains and undergoes flexible looping of the V4 genes to
its 3’ end, reconciling two views of locus organization. Deconvolution of single Igh locus conformations using
polymer simulations identifies thousands of different structures. This heterogeneity may underpin the diver-
sity of V(D)J recombination events. All three immunoglobulin loci also participate in a highly specific, devel-
opmentally regulated network of interchromosomal interactions with genes encoding B cell-lineage factors.
This suggests a model of interchromosomal coordination of B cell development.

INTRODUCTION

During B cell development in the bone marrow, the immunoglob-
ulin heavy-chain (/gh) and light-chain (/gk and /gl) loci undergo
somatic recombination to generate a vast array of antigen-spe-
cific B cell receptors (BCRs). V(D)J recombination is catalyzed
by the endonuclease complex RAG, encoded by the recombina-
tion activation genes Rag? and Rag2."' RAG expression initiates
in common lymphoid progenitors (CLPs) to activate D-J recom-

Gheck for
Updates

bination, completed on both Igh alleles by the early pro-B cell
stage. One allele then undergoes variable (Vy)-DJy recombina-
tion in committed pro-B cells.? After productive recombination,
the light chain encoded by the Igk locus recombines in pre-B
cells. Surface expression of the heavy and light chain together
forms the mature BCR in immature B cells.

The mouse Igh comprises 195 Vy (spanning 2.5 Mb), 10 diver-
sity (Dp) (60 kb), four joining (Jp) (1.5 kb) genes, and eight con-
stant (C) genes. The Vy genes belong to 16 families based on
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sequence homology, grouped into proximal (320 kb nearer the 3’
end), middle (560 kb), and distal (1.6 Mb nearer the 5’ end) Vy
genes.® 128 V,; genes actively recombine,” and participation of
all is essential for antibody diversity. The locus also harbors
several regulatory elements, including the intronic enhancer
Ep, which promotes transcription of the recombined heavy
chain,” and the intergenic control region | IGCR1), an insulator
that ensures sequential recombination and equilibrates usage
of proximal and distal Vi, genes.®° At the 3’ end, the 3’ regulatory
region (3' RR) modulates transcription, while the 3’ superanchor,
composed of several CCCTC-binding factor (CTCF)-binding ele-
ments (3’ CBEs) provides insulation at the 3’ boundary
(Figure S2A).7012

Chromatin is non-randomly organized in the nucleus and its
spatial conformation influences gene expression.'*~'®> Chromo-
somes occupy discrete territories,'®'” and the majority of
genomic interactions are intrachromosomal.'® However, genes
can occasionally loop out of their chromosome territories to
interact in trans with other genomic regions.'®*° Chromatin seg-
regates into euchromatic A compartments and heterochromatic
B compartments, '® which are divided into topologically associ-
ating domains (TADs) up to megabases in size,”’** reviewed in
Galupa and Heard.?® TADs tend to interact internally and are
often flanked by convergent CTCF-binding sites.?*?> The Igh
locus forms its own 2.8-Mb TAD. #2527

The Igh locus undergoes developmentally controlled confor-
mational and epigenetic changes to facilitate V(D)J recombina-
tion. Prior to the pro-B cell stage, the Igh is tethered to the nu-
clear lamina via its 5 Vy region, which bears repressive
chromatin marks,”®2° while, concomitantly with D-J recombina-
tion, the 3’ region gains active marks.*%>" At the onset of V,;-DJy
recombination in pro-B cells, the Igh locus relocates to the cen-
ter of the nucleus®**® and gains active marks over the Vy re-
gion.***° To ensure that all V}; genes have an opportunity to re-
combine, they are brought into physical proximity of the D-J
region by large-scale locus contraction and DNA looping.®*3%"
Thus, the Igh elements become juxtaposed and confined to a
much smaller 3D space than expected from their genomic
distance.®®

Fluorescence in situ hybridization (FISH) studies demon-
strated that, in pro-B cells, the Dy-proximal and distal Vy genes
are both close to the 3’ end of the Igh,39 and chromosome
conformation capture 4C-seq suggested that they interact flex-
ibly therein.*® The 3’ CBEs contact all V; genes,'>*" facilitated
by “bouncing” trajectories of Vi, genes in a constrained visco-
elastic environment.*® Multi-probe FISH suggested hierarchical
folding of the Igh locus is dependent on key B cell transcription
factors,*” and a 5C study described three major subdomains
linked by extremely long-range interactions.*® To date, there is
consensus that the 3’ end forms a subdomain defined by interac-
tions between the 3' CBEs, 3’ RR, Ep, and IGCR1 and includes
the proximal V genes, which recombine without locus contrac-
tion.**4~%5 However, locus contraction and long-range interac-
tions between middle and distal V4 genes and the D-J region are
thought to be mediated either by a continuum of dynamic
loops'?*84° or by the formation of overarching stable subdo-
mains.*>*® These contrasting models emerged from alternative
methods above, and translating them into a comprehensive
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model that elucidates the looping of the middle and distal V4
genes that ensures balanced Vi gene usage has been a major
challenge. Furthermore, recent discoveries of DNA loops
extruded by cohesin between multiple Vi region CTCF sites
convergent with CTCF sites in the IGCR1 and the 3’ CBEs,*"*°
together with RAG endonuclease scanning facilitated by conver-
gent complementary RSSs,*%°" shows that loop extrusion plays
awidespread role but raises further questions about the size, fre-
quency, and complexity of DNA loops within the Igh locus. Res-
olution of these questions to provide a clear picture of /gh locus
structure requires an unbiased high-resolution map of all-to-all
interactions of the Igh elements in pro-B cells poised for
recombination.

Here, we develop a tiled Capture Hi-C (CHi-C) for the immu-
noglobulin (Ig) loci and other B lineage-defining loci and pro-
duce the first enriched all-to-all map of interactions between
Igh elements, providing the most comprehensive and highest
resolution picture to date. We show that the main mediators
of interactions between the 3’ end of the locus and the Vy
genes are the 3' CBEs superanchor and the IGCR1 insulator.
Contrary to previous models of a DJ-centric Igh structure, the
distal V4 genes form a large subdomain with which the 3’
CBEs and the IGCR1 interact. Polymer modeling yields thou-
sands of individual structures, revealing that Igh conformations
are a highly heterogeneous ensemble, which we propose un-
derpins the diversity of the antibody repertoire. Furthermore,
CHi-C revealed developmental-stage-specific genome-wide
contacts in trans between the Ig loci and key genes driving B
cell development, indicating that a network of interchromo-
somal contacts between key B cell genes may contribute to
their coordinated regulation.

RESULTS

Generation of a high-resolution all-to-all interaction
map of the Igh locus
The Igh locus has over 50% repetitive sequence and 195
similar Vyy genes,® together leading to lower read coverage
than the rest of the genome in next-generation sequencing
(NGS), making it a challenging target for conventional Hi-C ap-
proaches (Figure S1A). To produce a comprehensive all-to-all,
high-resolution, and unbiased map of chromatin interactions
within the Igh locus, we applied CHi-C to determine genomic
contacts involving the Igh from Hi-C libraries prepared from
ex vivo pro-B cells from Rag1™~ mice. These contacts were
enriched using short biotinylated RNA baits transcribed from
every Hindlll restriction fragment end within bacterial artificial
chromosomes (BACs) covering the Ig loci and other selected
regions (Figures 1A, 1B, S1B, S1G, and S1H). CHi-C achieved
approximately 30-fold read coverage enrichment over Hi-C li-
braries (Figures 1C and S1C; Table S1), which was instrumental
in capturing intralocus interactions to unprecedented depth.
Importantly, the baits generated from 21 consecutive BACs
covering the 2.8-Mb Igh locus (Figure S1D) enriched the Hi-C
material with uniform efficiency (Figures S1E and S1F).

To validate the assay, we show a known interaction between a
baited Hist1 locus and a non-baited Hist1 locus 1 Mb upstream,
with no interaction detected with the intervening baited Vmrn
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Figure 1. Capture Hi-C method

(A) Capture Hi-C (CHi-C) workflow. Top left: cross-linked chromatin was used to generate Hi-C libraries. Top right: BAC DNA was digested, sonicated, and in vitro
transcribed to yield a library of biotinylated RNA baits. The Hi-C and RNA bait libraries were hybridized together and baited fragments captured with streptavidin
beads. Captured sequences were amplified and paired-end sequenced. The resulting CHi-C libraries yielded intralocus /gh reads (bottom left) and interchro-
mosomal reads (bottom right).

(B) Genome-wide view of read coverage in HICUP-processed CHi-C Rag1M°™~/~ pro-B 1 dataset. Reads were quantified in 100-bp bins and normalized per
million reads. Read coverage is enriched at baited regions (blue circles).

(C) Read enrichment over the Igh locus in CHi-C datasets. Five million randomly sampled reads from HiCUP-processed Hi-C and CHi-C datasets were quantified
in 200-kb bins and visualized in the WashU Epigenome Browser. Arcs show interactions. Arc color indicates the number of interactions. One representative
replicate is shown for each dataset type.

(D) Previously reported interactions between the histone 1 (Hist1) clusters on chromosome 13 were detected in all CHi-C samples. A virtual 4C from the Hist1
baited region was performed on one and both ends in Scribler-processed datasets. Hist7 genes are in blue. Vomeronasal (Vmrn) genes are in pink.

(E) The Igh locus interacts more frequently with regions outside the locus in cis in thymus than in pro-B cells. A virtual 4C was conducted from the baited Igh region
in Scribler-processed datasets. Biological replicates were averaged.

See also Figure S1 and Table S1.

locus (Figure 1D). We also show that the Igh has more frequent Igh harbors two key anchors mediating multiple CTCF-
intralocus interactions in pro-B cells, where it is active and con-  driven long-range interactions

tracted, compared to thymus, where it is less contracted (Fig- We produced intralocus interaction maps of the /gh in pro-B
ure 1E), in agreement with previous reports.*® cells from two different Rag1~~ models (Figures 2A and S2B,
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Figure 2. All-to-all interaction matrices of the Igh locus
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Interaction matrices at 20-kb resolution for the Igh baited region for (A) pro-B and (B) thymus datasets. Each matrix entry is a coverage normalized interaction
frequency value for the pairwise interaction between two 20-kb bins. Matrices from two biological replicates have been averaged to produce matrices (A) and (B).
White lines are bins with too-low read coverage excluded from analysis by hypergeometric optimization of motif enrichment (HOMER). Arrow 1, 3’ CBEs; arrow 2,
Ew; arrow 3, IGCR1; arrow 4, most proximal V genes; arrow 5, 5’ of 7183 Vi, gene family; arrow 6, 5’ of S107 V|, gene family; arrow 7, 3’ J606 V}, genes; arrow 8,
start of distal subdomain; arrow 9, end of distal subdomain. The positions of subdomains in pro-B cells determined using HiCseg are indicated by gray rectangles.

See also Figures S2 and S3 and Table S2.

respectively) and in wild-type thymocytes (Figure 2B) at 20-kb
resolution. These were complemented by distance-corrected
matrices (Figures S2C and S2D). The Ju, Dy, and V4 genes
and regulatory elements within each 20-kb bin are listed in
Table S2.

The contact matrix in pro-B cells revealed substantial enrich-
ment for interactions of two regulatory elements, the 3' CBEs
and the IGCR1, (Figure 2A, arrows 1 and 3, S2B, and S2C) with
the entire V| region (Figure 2A, arrows 4-9), visualized by two
red stripes of high interaction frequency. Together with a high fre-
quency of other interactions throughout the Igh locus (Figure 2A),
which exceeds that expected from genomic proximity (Fig-
ure S2C), this suggests that pro-B cells are a heterogeneous
ensemble and individual cells harbor distinct Igh conformations.
The high density of the data suggests that individual /gh loci un-
dergo looping of multiple different V genes, and this might under-
pin the high diversity of V(D)J recombination products. The pattern
of interactions in pro-B cells strongly suggests that they are medi-
ated by CTCF. The multiple sites comprising the 3’ CBEs, a pro-
posed superanchor, ' are in convergent orientation with ~110 up-
stream CTCF sites in the Vy region, as is one of the two CBEs in the
IGCR1,%°? while the other is convergent with the 3’ CBEs (Fig-
ure 2A).*%° The anchor-like interaction profiles of the 3' CBEs
and the IGCR1 support recent reports of CTCF-mediated loop
extrusion between these elements and the Vy, region.*”~*°

The 3’ CBEs and the IGCR1 interact frequently with each other
(Figures 2A, S2B, S3A, and S3D, arrows 1 and 3) and with the
genes between these elements, forming a highly looped 3’ sub-
domain, supported by 2D segmentation of the HiC data using the
HiCseg TAD caller (Figure 2A, S2A, and S2C). This subdomain
nevertheless interacts frequently with the next subdomain,
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which contains the 3’ end of the Vy region (Figures 2A, arrow
4, and S3E), including the most highly recombining genes
7183.2.3 (V481X) and Q52.2.4.%°° Frequent contacts continue
over the proximal Vys to the end of the V47183 gene family at
113.89 Mb (Figure 2A, arrow 5). Together these two subdomains
may be nested in a larger subdomain.

The 3’ RR, an enhancer important for class switch recombina-
tion (CSR),>*°® interacts with the 3’ CBEs but does not contain
CTCEF sites and does not interact frequently with the Vi region
(Figures 2A and S3B). Rather, it interacts with the neighboring
bins containing constant genes that will subsequently participate
in CSR. The latter are not involved in frequent contacts with other
Igh elements and may be looping out of the 3D structure of the
locus (Figure 2A, between arrows 1 and 2).

Surprisingly, relatively few interactions were captured from the
Ep enhancer with the rest of the Igh locus (Figures 2A, arrow 2,
and S3C). Ep is the only Igh enhancer required for V(D)J recom-
bination,*®*® is continuously transcribed in pro-B cells,*® and
promotes permissive chromatin in the Igh locus.?® It has also
been implicated in intralocus interactions and locus compac-
tion,**%° but this remains subject to debate.’”® Nevertheless,
since all parts of the Ig loci were evenly covered with baits (Fig-
ure S1D), and CHi-C and Hi-C libraries exhibited the same read
coverage pattern across the Igh locus (Figures S1E and S1F), we
consider that the low number of interactions with the Ep
enhancer within the Igh locus, although surprising, is a validated
finding. To confirm this, we scrutinized relevant published
Hi-C'?*1® and 4C"° datasets and found that these also demon-
strated reduced interactions of Ep with the Igh locus. Our find-
ings here suggest that Ep interactions may be too infrequent
and too short lived to be captured.
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Figure 3. The individual spatial conformations of the Igh locus are a heterogeneous ensemble in pro-B cells

(A) A random selection of nine out of 5,001 simulated conformations of the Igh locus in pro-B cells.

(B and C) Experimental and simulated heatmaps are shown for (B) pro-B and (C) thymus. Single structures generated by the polymer model were clustered using
the root-mean-square difference in bead-to-bead distances as a dissimilarity score and the heatmap corresponding to the largest cluster is shown (B) and (C).
(D and E) The average number of interacting partners (bead-to-bead distance <1.5a) across all conformations was calculated for each bead in (D) pro-B cells and
(E) thymus. CTCF-binding level is indicated by the color of the data point. Vertical dotted lines indicate the position of the 3' CBEs (left, orange), En (middle,
yellow), and IGCR1 (right, orange).

(F) For each conformation in pro-B cells, the fraction of V beads interacting with at least one Dy bead was determined. In most conformations, over 20% of Vy
beads contact a Dy bead.

(legend continued on next page)
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The next two subdomains include the majority of the inter-
spersed middle Vy gene families and the discrete J606 gene
family, starting at 114.35 (Figures 2A, arrow 7, and S3F),
respectively.

A striking feature of the Igh spatial organization in pro-B cells
was a large 5’ subdomain encompassing most of the distal Vy
genes (Figure 2A, between arrows 8 and 9), with interactions
throughout this domain occurring more frequently than expected
from genomic distance (Figure S2C). It starts at 114.61 Mb, just
upstream of the J606 and V10 gene families (Figure S3G), and
ends after the last Vy gene at 116.03 Mb. The enrichment of
interactions within the distal V,; subdomain is exemplified by
the interaction profile of the bin containing J558.71pg.172 and
J558.72.173 Vy genes (Figure S3H).

In wild-type thymocytes, the long-range interactions of the 3’
CBEs and IGCR1 with all V genes were absent (Figure 2B and
S2D). However, the 3’ subdomain, previously shown by 3C,*°
was already present. This indicates early locus organization,
consistent with preparation for Igh Dy to Jy recombination,
which occurs on up to 50% of alleles in thymic T cells.®"5?
Frequent local short-range contacts along the Vy region were
also detected, which were very similar to V contacts observed
by FISH in Rag-deficient TCRb transgenic thymocytes.®> We
used wild-type thymocytes because Rag-deficient thymi lack
CD3 T cells, and we infer that localized Vy structure is estab-
lished during thymocyte development, independently of /gh Dy
to Jy recombination.

Collectively, these findings reveal important roles for both the
3’ CBEs and the IGCR1 in Igh locus structure. Their bipartite in-
teractions create a functional 3’ subdomain (Figure 2A, second
gray bar), while their frequent interactions with all Vy genes in
pro-B cells and their anchor-like interaction patterns suggest
an overarching role in dynamic Vy region structure, mediated
by CTCF.

These insights into the organization of the entire Igh locus pro-
vided by CHi-C, at the highest resolution to date, unite the seem-
ingly divergent models based on a flexible continuum of loops*°
and three subdomains.“® CHi-C has readily detected both the
rich looping landscape between the V,; genes and the 3' CBEs
and IGCR1 anchors, as well as the presence of 3’ and 5
subdomains.

Polymer modeling reveals a heterogeneous ensemble of
Igh single conformations

Hi-C provides a view of genome organization averaged over mil-
lions of single-cell conformations. However, it does not provide
direct access to the cell-to-cell variability in chromosome
folding. Thus, whether the Ig loci exhibit considerable individual
conformational diversity in order to ensure participation of multi-
ple Vy, Dy, and Jy; gene segments in recombined V(D)J products
cannot be determined directly from Hi-C-based approaches. To
understand the cell-to-cell variability of genome folding at the Iigh
locus, we applied polymer modeling to extract individual confor-

Cell Reports

mations from ensemble CHi-C data. The variability of the struc-
tures was parameterized using the CHi-C experimental data. We
and others have shown that this polymer modeling approach
correctly reproduces cell-to-cell variation in chromosome struc-
ture measured experimentally.5%°

We employed coarse-grained polymer models where each
monomer (bead) corresponds to 20-kb bins in the Igh baited
region. Interaction energies between monomers were inferred
to reproduce the experimental heatmaps (Figure S4A). The
optimal model was then used to generate an ensemble of
representative single-cell conformations (Figure 3A). By clus-
tering similar conformations from the polymer model in terms
of root-mean-square displacement, we showed that conforma-
tions were highly heterogeneous and no dominant cluster of
similar conformations exists in either pro-B cells or thymocytes
(Figures 3B, 3C, S4B, and S4C). The average number of beads
that each Igh bead contacted (<1.5a; a = 20-kb heatmap bin)
in pro-B cells was 13-22, while in thymocytes it was 8-16
(Figures 3D, 3E, S4D, and S4E). This indicates that the confor-
mations in pro-B cells are more compact and have many more
interactions.

In line with population-averaged CHi-C contact patterns, in
pro-B cells, the 3' CBEs (bead 6) and the IGCR1 (bead 19)
were among the most interactive beads at the 3’ end of the locus,
whereas beads 9-16 containing the constant genes and the Ep
were the least interactive (Figures 3D, 3E, S4D, and S4E). In
the V4 region, proximal and distal Vy beads were more interac-
tive than middle Vy beads (beads 61-74). In the thymus, the
pattern of interactivity of each bead was similar to that in pro-B
cells, albeit with overall reduced numbers of interacting partners
and a small bias in favor of proximal V genes.

On average, 20% of the 123 V-gene-containing beads inter-
acted with at least one D bead in any single structure in pro-B
cells (Figure 3F). These V-D interactions were distributed evenly
among the four Dy beads, including bead 21, which is posi-
tioned 5’ of the IGCR1 (Figure 3G). They were also distributed
throughout the Vy beads, albeit with a proximal bias (Figure 3H).
These data show that the 60-kb Dy region contacts multiple Vy
genes simultaneously, in agreement with previous findings that
multiple V; genes contact the DJy region in a confined space.*®
Individual V4 beads interacted with 10%-15% of other Vy
beads on average in pro-B cells in every single conformation
(Figure 3l). Interestingly, the Vy beads exhibited a similar
pattern of contacts with other V., beads in the thymus, albeit
with decreased frequencies (Figure 3l). This suggests a pattern
of pre-existing folding in the Vy region that becomes more
frequent upon locus contraction. This is reflected by the 3’
CBEs and the IGCR1 beads in the thymus contacting the Vy
beads much less frequently than in pro-B cells. The En ex-
hibited very low interaction frequency with Vy beads in both
cell types (Figure 3l), confirming our previous observations.
We did not observe a correlation between V-D interaction prob-
ability and Vy gene recombination frequency, either when

(G and H) The number of V4-Dy interactions across the 5,001 pro-B conformations per Dy bead (G) and V}, bead (H).
(I) The fraction of V,; gene beads contacted by each bead in each conformation, averaged across all 5,001 conformations for pro-B (orange) and thymus (green).

Vertical dotted lines as for (D) above.
See also Figure S4.
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looking at all Vy genes within every bead or when considering
only beads containing a single actively recombining Vy gene
(Figures S4F and S4G). This suggests that the frequency of
V-D interaction events is sufficient not to be a rate-limiting
step in recombination of individual Vy genes, even those
furthest from the DJy region in linear DNA sequence. Additional
features, including local chromatin state at Vy genes, influence
efficiency of recombination.*®® Our findings of diverse, highly
interactive individual structures indicate that all Vy genes
have equal opportunity to interact with the Dy region, and
thus poor recombination efficiency of individual Vy genes
primarily reflects suboptimal local Vy chromatin state.

CTCF binding in the V gene beads did not significantly affect
their interaction probability with a D bead (Figure S4H) or recom-
bination score (Figures S4l and S4J), despite different patterns of
local and intergenic binding in the 3’ and 5’ regions, respectively.
Rather, the converging elements at the 3’ end of the locus bound
by CTCF (3’ CBEs and IGCR1) show an anchor-like interaction
pattern with all Vy genes via more than 100 converging CTCF
sites in the V| region, suggesting that CTCF binding is a major
contributor to the equal opportunity for all to recombine, but
additionally, local binding of CTCF or Pax5 is required for
efficient recombination.

Interactions within the Igh locus are focused over distal
V4 genes

The current model of Igh structure proposes that interactions are
focused on the recombination center, where the RAG complex
first binds Dy and Jy genes in the 3’ subdomain and Dy-Jy
recombination takes place,®” with Vy; genes looping toward
this focal point. A notable advantage of polymer modeling of in-
dividual Igh structures is that we could investigate where in the
single structures the V-D contacts could take place. To this
end, we used as reference the center of mass (CM) and the
CM of Vy genes (CMv) in the Igh structures in pro-B cells (Vy
genes are in beads 24-146) (Figures 4A-4D). This is related to
the “average” position of Vi genes in single structures. First,
we observed that, in pro-B cells, the 3' CBEs and IGCR1 were
the closest non-Vy elements to the CMv, with C, J, and Ep being
the farthest (Figure 4C). Next, we looked more closely at the ge-
ography of V-D interactions within single structures with respect
to the CM. Interaction with the 3’ CBEs or IGCR1 reduced Vy
bead distance from CMv, whereas interaction with Ep increased
distance (Figure 4E). Despite the reduction in distance from CMv
for Vy beads interacting with bead 19, which contains D genes in
addition to the IGCR1, interaction with the other D beads did not
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substantially affect Vy bead localization; indeed, if anything,
these interactions occurred slightly further than average from
the CMv (Figure 4F). Overall, the distance of V;-gene-containing
beads from the CMv was not correlated with Vy gene recombi-
nation score (Figures 4G and 4H). However, when we considered
only single simulated structures in which a bead containing a sin-
gle Vy is engaged in a V-D interaction, there was a positive cor-
relation with recombination frequency (Figure 4l). This suggests
that V4 genes positioned toward the periphery of the V domain
may have a greater opportunity to engage in a V-D interaction
that leads to recombination.

In summary, the simulation data revealed that there is no single
or highly prevalent conformation of the Igh locus in 5,000 struc-
tures, thus revealing that the vast majority of looping landscapes
in single B cells are unique. This extraordinary variety is very
likely to underpin antibody diversity. Moreover, V-D interactions
resulting in recombination tend to occur toward the periphery of
the compact Vy region, and V, usage frequency and V-D interac-
tions are not highly correlated. Together with a high frequency of
V-D interactions (20% of Vy beads interacted with a Dy bead in
each single structure), these findings indicate that this is not a
rate-limiting step overall and further strengthens the “equal
opportunity for all” model.

A network of interchromosomal interactions enriched in
B lineage genes may drive B cell development
There is growing evidence supporting functional contacts be-
tween genomic regions on different chromosomes, detected by
chromosome conformation capture and equivalent methods.®®"°
However, others have struggled to detect such contacts during
lymphocyte development, highlighting technical challenges
impeding reliable identification of trans interactions.”®

The enrichment afforded by CHi-C enabled investigation not
only of interactions within the baited Igh locus but also of
genome-wide contacts of the Igh and other enriched regions (Fig-
ure 1A). To identify trans contacts of the Igh locus, we extracted
read pairs with at least one end mapping to a baited region and
the other end mapping to a different chromosome. We performed
virtual 4Cs (V4C) from Igh, Igk, Igl, Pax5, Foxo1, Ebf1, Runx1,
Bach2, and /i7rinRag1~~ pro-B, Rag/81X pre-B, and thymocytes
and quantified the number of trans reads in 500-kb bins genome-
wide (Table S3). This large bin size was necessary because inter-
chromosomal contacts are much less frequent than cis
interactions and quantification at higher resolution reduced
signal-to-noise ratio. The V4C from the Igh viewpoint showed
high signal-to-background ratio with sharp interaction peaks

Figure 4. Distance from the CM reveals Igh structure is focused on the V distal region

(A-D) Average distance from CM (a) across all conformations was calculated for each bead in pro-B cells (A) and thymus (B). Similarly, average distance from CMv
(a) across all conformations was calculated for each bead in pro-B cells (C) and thymus (D). The color of V bead data points indicates the average recombination
score of V, genes in the bead. The positions of the 3' CBEs (left, orange), Epn (yellow), and IGCR1 (right, orange) are indicated; other non-Vy, beads are gray.
(E and F) Average distance from CMv (a) for each bead in the subset of structures in which it is interacting with each of the beads named top right (color cor-
responds to the color of the points). Gray line shows the median distance from CMv across the subsets of structures in which a given bead is interacting with each
of the other beads; gray ribbon indicates the range encompassing 75% of these subsets of structures.

(G-1) Correlation between distance of V,; bead from CMv and recombination score*°°). (G) For all V; beads, the correlation between distance of Vi, bead from
CMv and the average recombination score of all V4 genes in that bead was determined. (H) For Vi, beads containing a single active V, gene, correlation between
distance of V, bead from CMv and the recombination score of the Vi gene. (I) As in (H), but instead of using all conformations, the average distance in a subset of
conformations where the Vy is implicated in a V4-Dy interaction was used. cor, Spearman’s correlation coefficient, >0.4 equivalent to moderately strong cor-

relation; p value < 0.05 statistically significant.
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(Figures S5A and S5B). V4C from this viewpoint in Rag/81X pre-B
cells (Figure S5B) identified the previously unknown integration
site of the V,81X transgene at around chr16:82,950,000-
83,000,000.

To call statistically significant trans interactions, we performed
Z score analysis with a cutoff of 3.5 (Table S3). In Rag1™~ pro-B
cells, the Igh participated in 116 interchromosomal interactions
(Figures 5A, S5C, and S5F), whereas the Igk and /gl loci made
few contacts (Figures 5A and S5D-S5F).

Strikingly, the bins contacted most frequently in trans by the
Igh viewpoint in pro-B cells contained genes crucial for B cell
development, including Runx1, Ebf1, Pax5, Aff3, Cux1, Foxp1,
Pik3r1, Foxo1, Bach2, Zfp36L2, Hmgb1, Runx3, Lef1, and Akt3
(Figure 5A; Table S3). In contrast, Hist1 (Figure 1D) was not con-
tacted. Importantly, the read counts for baited-to-baited and
baited-to-non-baited interactions were in the same range, indi-
cating no detection bias in favor of baited-to-baited trans inter-
action reads. Accordingly, for the Igh viewpoint in pro-B cells,
only five other baited regions (Runx1, Ebf1, Pax5, Foxo1, and
Bach2) were among the 116 statistically significant interaction
partners. These key B lineage-associated transcription factor
genes, in addition to //7r, themselves participated in numerous
trans interactions in pro-B cells (Table S3). Importantly, /gh did
not contact the Igk and /gl loci in pro-B cells, suggesting spatial
separation of active and inactive /g loci.

In Rag/81X pre-B cells, the light-chain loci become active and
gain numerous trans interactions, including with the Igh locus (Fig-
ure 5A, S5D, S5E, and S5G). Twenty-eight interaction partners
were shared between all three /g loci, and Igk had 29 and 82 addi-
tional shared contacts with Igh and Igl, respectively (Figure S5G).
Accordingly, Z scores for trans interactions correlated poorly be-
tween Igk and Igh in pro-B cells (Figure 5B) but very strongly in
pre-B cells (Figure 5C). Most viewpoints retained a majority of their
contacts and gained new contacts in pre-B cells. Accordingly, the
trans interactions made by the Igh locus overlapped significantly
in pro-B and pre-B cells (Figure S5C), and Igh retained 18 of its
top 20 pro-B cell interactions. Moreover, in pre-B cells, 16 of these
overlapped with Igk contacts (Figures 5D, 5E, S5G, S5I, and S6).
This suggests that, upon activation, the light-chain loci join the
interchromosomal interaction network that connects the /gh and
other viewpoints in pro-B cells.
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The interchromosomal contacts in thymocytes were in marked
contrast (Figures S5C and S5H): Igh only contacted genes ex-
pressed in both B and T cells, including Runx1 and Pik3r1”"~"°
(Table S3), while Igl made very few contacts and Igk made
none (Figures 5A, S5E, and S5H).

Since the Ig loci contacted key B lineage genes frequently, and
they in turn had many interchromosomal interactions, we next
sought to determine the level of interdependence of these inter-
actions. Figure S5I shows that there are many shared interac-
tions between the /g loci and three key transcription factor
genes: Pax5, Ebf1, and Foxo1. Notably, however, the majority
of transcription factor interactions do not involve the Ig loci, sug-
gesting a wider network of interchromosomal interactions.

Interestingly, many viewpoints gained very frequent interac-
tions with the Bach2 locus in pre-B cells, coinciding with its acti-
vation at this stage® (Figure S5I; Table S3). Similarly, the Foxo1
gene locus®' exhibited many significant interactions in thymo-
cytes, including with Bach2, Foxp1, Runx1, Ly86, 1110, Cux1,
and Aff3, consistent with its role as a key transcription factor in
T cell development®® (Table S3). Crucially, while Foxo? inter-
acted with Pax5 and Ebf1 in B cells, it lacked these interactions
in thymocytes, indicating exquisite lineage specificity of its inter-
actions. Thus, interchromosomal interactions are cell type and
developmental stage specific.

Clustering analysis revealed that the Bach2 and Ebf1 loci in
pre-B cells were the most interactive, and their contact profiles
closely resembled those of the Pax5 and Foxo1 loci in pre-B,
the Igh locus in pro-B and pre-B cells, and Runx1 in all three
cell types (Figure S5I).

We next assessed the chromatin environment of regions
participating in trans contacts by using non-enriched Hi-C data-
sets to assign active A and inactive B compartments.'® The vast
majority of regions interacting with the Igh in pro-B and pre-B
cells, or with Igk or Igl in pre-B cells, resided in A compartments
(Figures 5F-5H). The Pax5 locus was in an A compartment in all
three cell types, including thymocytes, where it does not contact
the /g loci (Figure S5M). However, the compartment state of
other interaction partners including Ebf7 was developmental
stage specific (Figure S5N). The Igh locus itself resided in the A
compartment in pre-B cells and thymus. Surprisingly this was
less evident in pro-B cells (Figure S5J). Bins containing /gk and

Figure 5. The Ig loci participate in shared, developmental-stage-specific interchromosomal interactions

(A) Statistically significant (Z score > 3.5) interchromosomal interactions are plotted for each Ig viewpoint (Igh, top; Igk, middle; IgA, bottom) in pro-B cells (left),
pre-B cells (middle), and thymocytes (right). Gray rectangles denote chromosomes and arcs denote trans interactions, with highest Z scores in red. Full list of Z
score values is in Table S3B.

(B and C) Log2(average Z score +1) was calculated for each 0.5-Mb bin genome-wide for the Igh viewpoint and was compared with the corresponding values for
the Igk viewpoint in (B) pro-B and (C) pre-B datasets. cor, Spearman correlation coefficient. Dotted red lines indicate the threshold of a statistically significant Z
score.

(D) 0.5-Mb bins were selected for hierarchical clustering if they had a significant interaction with any of the three /g loci at any developmental stage. Clustering,
based on average Z score values, was performed using the pheatmap package in R.

(E) The 0.5-Mb bins were selected for hierarchical clustering if they had a significant interaction with any of the /g loci at a developmental stage permissive for
recombination or recombined. Clustering performed as in (D).

(F-H) For the Igh (F), Igk (G), and Ig4 (H) viewpoints, boxplots show the A or B compartment strength for 0.5-Mb bins that are significant interaction hits at each
developmental stage. Values > 0 indicate A compartments and values < 0 indicate B compartments. In (F) and (H), statistically significant differences were
determined using a Kruskal-Wallis test followed by post hoc testing for pairwise comparisons using the dunn.test function with Bonferroni correction. For (G) a
Mann-

Whitney U test was used.

In pro-B cells (), and pre-B cells (J) the amount of transcription, measured by log2 (average RNA-seq read count normalized per million; Table S4) was compared
between bins participating and not participating in significant interaction with the Igh locus. See also Figures S5 and S6.
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Igl resided in A compartments in pre-B cells and in B compart-
ments in pro-B cells and thymus (Figures S5K and S5L); these
active or repressive chromatin environments were largely
mirrored in the bins they contacted (Figures 5G and 5H), in line
with spatial segregation into active and inactive chromatin.'®

We observed trans contacts predominantly between
active chromatin compartments. Transcriptional activity has
been linked to chromatin contacts.'®’® Using nuclear RNA
sequencing (RNA-seq) to enrich for primary transcripts, we
found that the transcriptional activity in 500-kb bins interacting
with the Igh locus corresponded to a subset of actively tran-
scribed genes (Figures 51 and 5J; Table S4), including those
with B cell-specific functions such as Pax5 and Ebf1. However,
other more highly expressed housekeeping genes, including Ma-
lat1, Hist1, and Actb, did not make trans contacts with the Igh.
Genes including Bach2, Arid1b, Adam10, and Zfp36I1 were
more highly expressed in pre-B cells and this coincided with
gain of interactions with the Ig loci. In summary, we have uncov-
ered a developmental-stage-specific interchromosomal network
of active B lineage-specific genes.

The Igh locus is in spatial proximity to key B lineage

genes more frequently in B cells than in thymocytes

To validate the top interchromosomal interactions detected by
CHi-C, we performed 3D DNA FISH and imaged contacts of the
Igh and Igk loci with Pax5, Ebf1, Foxo1, Runx1, and Bach2
genes and with each other. Myc and Rag1/2 were negative
controls, since these regions did not show trans contact by
CHi-C. We observed a significantly higher proportion of dis-
tances shorter than 1 um between the Ig loci and the genes
of interest in Rag1™~ pro-B cells and/or Rag/81X pre-B cells
compared with the random probability of association (6.9%)
(Figures 6A-6H and S6F-S6l; Table S5). This was not the
case in thymocytes, with the exception of Runx1. In agreement
with CHi-C, the Igh+Pax5 and Igh+Foxo1 contacts had similar
frequencies in pro-B and pre-B cells (Figures 6A and 6B). The
Igh+Ebf1 contacts showed a larger number of distances
<1 um in pre-B cells than in pro-B cells, consistent with higher
Z scores of Ebf1-containing bins (Figure 6C). Runx1 interaction
with the Igh was confirmed in all three cell types (Figure 6D).
Bach2 and Igk were in frequent proximity to the Igh only in
pre-B cells (Figures 6E and 6F). Igh+Myc and Igh+Rag1/2
showed a low frequency of distances <1 um in all three cell
types (Figures 6G and 6H), and independent FISH experiments
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showed concordant results (Figures S6A and S6B). More
detailed analysis of distances <0.5 and <0.3 um (Table S5) re-
flected the patterns observed in Figures 6 and S6. Contact
partners of the Igk showed frequent short distances in pre-B
cells but not in pro-B and thymocytes, confirming that Igk
only participates in trans interactions when it is active
(Figures 6F, S6F, and S6l). Additionally, we detected significant
three-way associations of Igh, Ebf1, and Foxo1 in pro-B cells
and, with increased frequency, in pre-B cells (Figure 6l). We
also detected /gh-independent two-way and three-way associ-
ations of Ebf1, Foxo1, and Bach2 in pro-B cells (Figure 6J), vali-
dating Ig-independent interactions detected by CHi-C
(Figures S51 and S6J). Strikingly, although we only show two
examples of three-way associations here, most two-way asso-
ciations had frequencies of 10%—-20%. Igh interactions with just
six genes amounted to 80% of alleles (Figure 6). This high fre-
quency is inconsistent with a model of exclusive pairing. Given
Igh interacts with many other genes in Chi-C, and the many Ig-
independent associations we have observed (Figures S5 and
S6J), we infer that it is very likely that networks will include
many three-way and higher-order interactions.

Overall, FISH experiments validated CHi-C findings that the Ig
loci participate in trans interactions in a developmental-stage-
specific and cell-type-specific manner.

Last, we examined at higher resolution the regions of the Igh
locus that participated in trans interactions. Regions that
were most peripheral in simulated single structures (beads
9-16, 113,270,000-113,429,999; and 64-68, 114,370,000-
114,469,999; Figure 4A) were most frequently contacted in trans
(Figure 7A), suggesting that these regions favored trans interac-
tions over participation in V(D)J recombination.

In summary, these newly identified interchromosomal associ-
ations suggest that the /g loci participate in interactions in trans
with multiple genes driving B cell development and form highly
specific co-regulatory or co-transcriptional spatial networks.
Chromatin structure or transcription status alone cannot fully
explain these networks, suggesting an additional layer of speci-
ficity that may underpin these networks and B cell identity
(Figure S7).

DISCUSSION

The diversity of the Ig repertoire is a key pillar of the adaptive im-
mune response. It depends firstly on the variety of V(D)J

Figure 6. The Igh locus is in spatial proximity to key B lineage genes more frequently in B cells than in thymocytes

(A-H) Two-color 3D FISH probing of the Igh locus and either (A) Pax5, (B) Foxo1, (C) Ebf1, (D) Runx1, (E) Bach2, (F) Igx, (G) Myc, or (H) Rag1/2 loci was performed in
pro-B cells, pre-B cells, and thymocytes. Line graphs show cumulative distributions of distances <1 um between the Igh locus and genes of interest in three cell
types. The closest signal pairs in each cell were used. n = number of nuclei analyzed. Bar graphs show distribution of distances grouped into four brackets (<0.5,
0.5-0.8, 0.8-1, and >1 um). Dashed line denotes the probability of a random interaction at a distance of <1 um of 6.9%. The p values were calculated using the
Fisher’s exact test with Bonferroni correction. Representative images of single nuclei are shown. The nuclear area was stained with DAPI, the Igh probes were
labeled with Alexa Fluor 488 (green), and probes for genes of interest were labeled with Alexa Fluor 555 (red). The Igh (DJ) probe (BAC RP23-109B20) was used for
pro-B and thymus, and the Igh (V) probe (BAC RP23-70F21) for pre-B (compared in Figure S7; discussed in STAR Methods).

(I) Three-color 3D FISH for the Igh, Ebf1, and Foxo1 loci was performed in pro-B cells, pre-B cells, and thymocytes. The closest signal pairs in each cell were
filtered to retain only cells in which at least two of the pairwise distances connecting the closest three signals were within 1 um. Bar graph shows the distribution of
distances (<0.5, 0.5-0.8, 0.8-1, and >1 um). Dashed line denotes the probability of a random tripartite interaction at a distance of <1 uym of 0.48%.

(J) Three-color 3D FISH for the Ebf1, Foxo1, and Bach2 loci was performed in pro-B cells as for () above. Dashed lines denote the probability of a random bipartite
(upper line) or tripartite (lower line) interaction as above.

See also Figure S7 and Table S5.
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Figure 7. Peripheral regions of the Igh locus interact in trans with other loci

(A) To identify trans contacts of the Igh locus, read pairs with at least one end mapping to a baited region and the other end mapping to a different chromosome
were extracted. Virtual 4C interaction profiles were generated from selected 0.5-Mb bins among the top hits of interchromosomal interactions with the /gh in
pro-B cells. Other ends were quantified in 40-kb bins with a 10-kb step over the Igh locus. The positions of FISH probes used in Figure 6 and Igh gene segments

are indicated at the top. Vertical dotted yellow line, Ep.

(B) Organization of the Igh locus into sub-TADS (pink and blue circles) while a dynamic continuum of interaction occurs between the 3’ sub-TAD and the Vi region
enabling diverse V-to-Dy recombination events (red dotted arrows). The peripheral regions of the Igh locus participate in interchromosomal interactions, for

example with Ebf1 and Foxo1.

recombination products generated by the pro-B cell population.
Long-range chromatin interactions facilitate contacts between
over 200 genes and several regulatory regions within the large
Igh locus, but previous studies of their nature and frequency
have been hampered by low coverage, limited viewpoints, or
incomplete interrogation of intralocus contacts.*®***"*% Locus
enrichment techniques provide unprecedented opportunities to
zoom in on Hi-C contacts.?>®° Here, our enrichment of Hi-C li-
braries over the Igh has alleviated several challenges of probing
contacts in this locus, providing an unbiased, high-resolution,
all-to-all interaction map. The interaction frequency matrix in
Rag1™~ pro-B cells revealed that the 3’ CBEs and the IGCR1
were the focal points of interactions, acting as anchors to facili-
tate contacts between the 3’ end and the entire Vi region, medi-
ated by multiple convergent CTCF sites, corroborating previous
identification of the 3’ CBEs superanchor by Hi-C.">*" The 3

CBEs, 3 RR, Ey, J and D genes, and the IGCR1 form a highly
looped 3’ subdomain.

Surprisingly, however, the Ep was the least interactive regula-
tory element therein. Its uniform lack of contact enrichment with
the Vy genes suggests it may loop out of the Igh structure or be
less internally interactive because it resides in a very open chro-
matin environment, where it is continually transcribed in associ-
ation with a multi-protein RNA Polll transcription factory.®® Such
large complexes can exclude solvent to form a separate gel
droplet. Alternatively, it may be sequestered by the IGCR1 to
insulate the J and D genes from the proximal V genes to ensure
diverse usage of more distal Vy genes.9 An Ep-centric model for
locus contraction has been proposed.®® However, lower interac-
tivity of the Ep compared to the 3’ CBEs and IGCR1 was evident
in other studies.®>'?“%*1“® Qur findings provide structural in-
sights that support the alternative model that disputes a role
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for Ep in Igh locus contraction.*® Nevertheless there is a caveat
to this model, which we discuss in section “limitations of the
study.”

Alarger 3’ subdomain stretches from the 3’ CBEs superanchor
to the end of proximal Vy genes. This may be further encom-
passed by a yet larger subdomain containing most of the middle
Vy genes. These findings consolidate several previous studies
that suggested the existence of 3’ subdomains of varying
coordinates, 436087

We observed extensive intradomain Vy looping within the
large distal V subdomain (114.61-116.05 Mb) in thymic non-B
cells, suggesting that local Igh V region looping is established
before the B lineage diverges, despite the Igh V region being
sequestered at the nuclear periphery in T cells.®

These data reconcile previously observed local interactions in
the distal V; subdomain even in the absence of locus contrac-
tion,“® with the locus contraction-dependent (Pax5-dependent)
extremely long-range loops between 115.10 and 116.87 Mb
(mm9; 113.86-115.64 Mb in mm10 here),”® and with a set of
complementary YY1-dependent long-range loops.*>** Thus,
our findings unify two opposing models: hierarchical three-
domain configuration®**¢® and flexible interactions of all Vy
genes with the D-J region®® via the 3 CBEs superanchor'?
revealing that both occur.

Locus contraction that brings distal V; genes closer to the 3’
end may be physically mediated by loop extrusion, which, in
the Igh, is dependent on convergent CTCF sites.*®"*® Moreover
the ~110 CTCF sites in the Vy region could facilitate many
different contact possibilities, and disruption of their orientation
inhibits recombination of affected V genes,®® similarly to effects
on transcription.®? The many different structures that we have
observed with polymer modeling suggest a model of widespread
and multiple loop extrusion events within individual Igh loci,”
facilitated by dynamic CTCF and cohesin-driven folding.”’
Further, our findings support the current model that cohesin-
and CTCF-regulated loop extrusion and RAG scanning are
related processes.”” Nevertheless, the interaction matrix profiles
and single structures (discussed below) did not reveal interaction
patterns that precisely correlated with CTCF-binding sites but,
rather, a more diffuse pattern, consistent with a recent study
suggesting that the partially extruded looping state was common
and the most functionally relevant.®® Our findings provide sup-
portive evidence for a diffusion-based mechanism,*’ particularly
in the distal V, region, where CTCF loop anchors are far from Vy
genes, thus requiring additional processes to bring Vy genes
close enough for RAG scanning (Figure 7B). Indeed, partial
knockdown of CTCF and Rad21 abrogates preferential Rag
scanning facilitated by CTCF sites close to proximal V4 genes,
and it enables greater participation of distal V,; genes.”' This
may be because diffusion mechanisms remain intact. Recent
modeling suggests that this function may be provided by phase
separation, wherein the Igh is predicted to be in a weak gel state
that enables active local chromatin-based crosslinking to stabi-
lize extruded loops.*®:°* Additionally, large-scale antisense tran-
scription in the distal V region may contribute to stochasticity of
activation of V genes, similarly to protocadherin gene clus-
ters.®%°° Taken together, our findings suggest there must be a
co-operative interplay between large-scale chromatin alter-
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ations, loop extrusion, and diffusion to achieve the multitude of
unique /gh structures that we have observed.

Stage-specific activation of loop formation also depends on
other factors, including PAX5 and YY1.9%°7 Lack of these tran-
scription factors diminishes locus contraction and V(D)J recom-
bination more profoundly than mutations in Igh regulatory
elements.*%42:44:45:56.50 GTCF is bound to the Igh throughout B
and T cell development®®® and needs additional cues to exert
its interaction-mediating effects. These are provided in part by
dynamic expression of cohesin, recruited to Ig loci in a stage-
specific manner during B cell development.® Additionally, the
long-range looping of distal V,; genes is PAX5 dependent,*®
and it has been proposed that PAX5 mediates subdomain forma-
tion and that YY1 juxtaposes these subdomains to further
compact the locus.*? In addition to direct binding to the /gh lo-
cus, indirect effects, including genome-wide facilitation of loop
extrusion by PAX5 through repression of cohesin release factor,
Wapl,*® may promote Igh locus contraction. Our findings support
this model because individual polymers show that looping is not
CTCF focused.

All of the above advances have strived to find static average
conformations of the Igh locus within a population. Single-cell
Hi-C supports 3D DNA folding of the genome®®°°, but current
resolution is not sufficient to evaluate individual loci. Here, by
applying polymer modeling to CHi-C data, we have provided a
first glimpse of single conformations of the Igh locus that may
be present in single cells. We show that the thousands of individ-
ual structures we have deconvolved from CHi-C are highly vari-
able. Each individual Igh locus forms multiple loops, which
collectively generate unique structures within every Igh allele.
This again argues in favor of a flexible, rather than a more or-
dered, structure. We studied Rag1™~ pro-B cells, where the
Igh loci are likely more similar since they are both in a poised
state,®” whereas the two Igh alleles are thought to have different
conformations in wild-type pro-B cells undergoing recombina-
tion,'°° and thus, we would expect even greater variety in wild-
type Igh alleles.

The simulations revealed that each Vy bead is involved in
approximately the same number of contacts with the D beads
when summed across all 5,001 simulated conformations. In
every single Igh locus structure there are ~30 simultaneous
V-D interactions. This finding necessitates a step change in our
thinking about how the V; and Dy regions interact. The current
concept is of a more bipartite interaction model,*® where the
Dy region interacts dynamically with whichever single V., gene
bouncing back and forth stochastically finds its way to the right
environment. Our findings suggest a much greater intensity of in-
teractions, with many Vy genes vying for interactions with avail-
able Dy genes, providing a much greater variety of stochastic
opportunities. Since there are only 10 Dy genes, these interac-
tions must also be very dynamic, as previously proposed.®
The interaction frequency between the V and the Dy elements
did not show strong positive linear correlation with individual
VH gene recombination frequencies. This is similar to the dy-
namics in the Tcrb locus.’®" Overall, these results support the
equal opportunity for all model, where no Vy gene is restricted
or favored for interaction with a Dy gene for recombination, but
with the additional dimension that, within that proximal space,
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dynamic exchange of Vy and Dy genes may occur. This is a
permissive, rather than a deterministic, feature, since V genes
recombine with vastly different frequencies, dictated not by their
linear position but by their local chromatin features.*®°

Our data suggest that the Dy, region does not reside centrally
in a cavity within the Vi gene cluster. Rather, the V genes form
the CM of the Igh locus and a V-D interaction is more likely to
occur near the periphery of the Vy region. This indicates that
the recombination center (i.e., where the RAG complex binds
and D-Jy recombination initially takes place)®” is not inter-
changeable with the CM, as previously proposed, and calls
into question the widely held view that the V genes loop toward
the “central” DJ region. Rather, the direction of travel appears to
be in the opposite direction; i.e., central Vy; genes loop toward
the V gene CM periphery to engage with D genes.

A new model of lineage-determining genomic
interaction networks

To date, only a few examples of interchromosomal interactions
have been reported,*® precluding in-depth analysis of their func-
tional significance or wider prevalence. The Igh, Igk, and Igl co-
localize in transcription factories in plasma cells'’? and a few
trans interactions of the Igh locus have been reported in mature
B cells.”®"%3719 We have demonstrated that CHi-C can detect
highly specific interchromosomal interactions between multiple
baited viewpoints and the rest of the genome. We have gener-
ated a comprehensive picture of these interactions genome-
wide and have shown that the Ig loci participate in frequent
non-random interactions with genes driving B cell development,
including Ebf1, Pax5, Foxo1, Runx1, and Bach2. These trans
contacts form a developmental-stage-specific network contain-
ing the Igh in pro-B cells, which is joined by the light-chain loci in
pre-B cells. The striking frequency of B lineage-specific genes in
this network suggests a layer of lineage-specific holistic nuclear
organization not previously observed. Indeed, although we have
focused our exploration and validation of interchromosomal net-
works on the Ig loci, because this aligned with the our intrachro-
mosomal studies, we show here that the B lineage transcription
factor genes exhibit higher numbers of interactions, many inde-
pendent of the Ig loci, and many with their own target genes, and
thus, we propose that these, rather than the Ig loci, may be the
focal point of an interaction network(s). What drives this
network? We suggest coordinated activity of the master B line-
age regulators above.

We found significant overlap between trans-interacting genes
and translocations involving the Ig loci described in early B cell
malignancies. Examples include Pax5, Ebf1, Aff3, Cd79b,
Irf2bp2, Clec2d, Irf8, Nfkb2, and Foxp1 (reviewed in Somasun-
daram et al.’°%). These findings indicate that participation in a
shared network of active genes may predispose these interac-
tion partners to aberrant translocation events.'%

It is an attractive model that interchromosomal contacts are
driven by active transcription, supported by studies showing
that genes loop out of discrete chromosome territories to be
transcribed in shared transcription factories. Indeed, the trans
contacts observed here involved highly transcribed genes. How-
ever, although they involved genes from every chromosome, not
all highly transcribed genes interacted with the baited view-

¢ CellP’ress

points, but they interacted principally with those with functional
roles in lymphocyte development. This suggests that significant
interchromosomal interactions are driven by additional lineage-
specific epigenetic mechanisms. The interchromosomal interac-
tion network identified here may play a functional role in connect-
ing co-regulated or co-acting genes. For example, Ebf1 and
Foxo1 bind many of the same targets,'°”"'°® and Pax5, Ebf1,
and Runx1 have been proposed to work both in synergy'®
and in opposing fashion''® on shared target genes. Several of
these factors activate each other.""" Our findings reveal a mech-
anism by which they may achieve this complex task. Physically
co-localizing genes that are coordinately regulated, including
the genes encoding these regulatory factors themselves, may
maximize co-operative promoter binding by a shared ensemble
of transcription factors.'® The mechanisms that bring multiple
genes together in trans and the functional implications of these
interactions in B cell development remain to be determined.
However, we speculate that such coordination orchestrates
rapid B lineage developmental progression, and this orchestra-
tion of genomic interactions may be a widespread process in
many tissues. Together, our findings of multiple unique Ig locus
structures and widespread interchromosomal interactions
reveal that B cell development is driven by complex genomic
alterations.

Limitations of the study

(1) These studies were conducted on a Rag-deficient back-
ground, in which D to J recombination has not occurred.
Thus, we cannot exclude the possibility that D to J recom-
bination may perturb Igh locus structure in ways not
observed here. Nevertheless, comparative studies of
several parameters of Igh locus structure, including active
histone modifications, non-coding RNA transcription,
DNA looping and contraction, and diffusion dynamics,
together agree that the structure of the Igh in the Rag-defi-
cient background is consistent with opening up of the Igh
V region being independent of the D to J recombination
process.

(2) We used wild-type rather than Rag-deficient thymocytes
for technical reasons. While we are convinced that chro-
matin re-organization of the V region happens in parallel
with, and independently of, D to J recombination, we
cannot exclude the possibility that the /gh D to J recombi-
nation that can occur on a substantial minority of /gh al-
leles in thymocytes may confer an altered structure via a
different mechanism to that employed in Rag-deficient
pro-B cells.

(8) We have proposed that Igh intralocus interactions
involving Ep are infrequent due to the exclusion of Ep in
a transcription factory and/or its outward focus on inter-
chromosomal interactions. It has also been proposed®
that Ep is contained within a phase-separated DJ gel
droplet, although it may not be closely associated therein.
Nevertheless, we cannot exclude the possibility that Ep
interacts with the V region in a separate gel droplet that
is refractory to detection in Hi-C fixation conditions.

(4) We have attempted to provide experimental evidence to
support the simulated Igh structures. We performed

Cell Reports 42, 113074, September 26, 2023 15




¢? CellPress

OPEN ACCESS

single-cell Hi-C in Rag-deficient pro-B cells, but, due to
the highly repetitive nature of the Igh locus, coverage
and resolution were too low to accurately deconvolute in-
dividual Igh alleles. This restriction also hampered high-
resolution structured illumination microscopy/stochastic
optical reconstruction microscopy (SIM/STORM) of Ig
loci.

While we provide multiple pairwise examples of gene as-
sociations with Ig loci by DNA FISH, and one example of a
three-way interaction, more examples of three-way inter-
actions would strengthen our model of gene interaction
networks. Nevertheless, an Ig-loci-independent three-
way example supports our model of a wider B lineage-
specific interaction network.

—
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Clone 1D3; Cat# 551001; RRID: AB_394004
Clone S7; Cat# 553270; RRID: AB_394747

Clone PC61; Cat# 553866; RRID:AB_395101
Clone 53-6.7; Cat# 11-0081-82; RRID:AB_464915
Clone RM45; Cat# 45-0042-82; RRID:AB_1107001

Chemicals, peptides, and recombinant proteins

Dynabeads MyOne Streptavidin C1 beads Life Technologies Cat# 65001
Ampure XP beads Beckman Coulter Cat# A63881
Critical commercial assays

Quant-iT PicoGreen dsDNA Assay Kit Invitrogen Cat# P7589
NucleoBond BAC 100 kit Macherey-Nagel Cat# 740579
QiaQuick PCR purification kit Qiagen Cat# 28104
T7 MegaScript kit Life Technologies Cat# AM1334
Ambion MEGAclear kit Life Technologies Cat# AM1908
KAPA Library Quantification Kit Roche Cat# KK4824
Qubit dsDNA BR Assay kit Life Technologies Cat# Q32850

Deposited data

Raw and analyzed data
H3K4me3 ChIP-seq pro-B
CTCF ChlIP-seq pro-B

This paper
Bolland et al.*
Choi et al."?

GEO: GSE208602
GEO: GSE80155
GEO: GSE47766

Experimental models: Organisms/strains

Mouse: Rag1™m&a!

Mouse: Rag1™Mem
Mouse: V81X

David Baltimore
Peter Mombaerts
John Kearney/Rudi Hendriks

Spanopoulou et al.'™®

Mombaerts et al.™*
Martin et al.'"®

Oligonucleotides

See Table S6A N/A
Recombinant DNA
See Table S6B N/A

Software and algorithms

Segmonk

HOMER version 4.7
HiCUP version 0.7.2
HISAT2

GOrilla

Cytoscape

Trim Galore

The Babraham Institute

uUCcsD
The Babraham Institute

The Babraham Institute

https://www.bioinformatics.babraham.ac.uk/
projects/seqmonk/

http://homer.ucsd.edu/homer/
https://www.bioinformatics.babraham.ac.uk/projects/hicup/
Kim et al.’"®

Eden'"”

Shannon'"®

https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 version 2.3.2 Langmead and Salzberg''®

HiCseg version 1.1 R package https://cran.r-project.org/web/packages/HiCseg/index.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Anne Cor-
coran (anne.corcoran@babraham.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® The Hi-C, Capture Hi-C and nuclear RNAseq raw sequencing files generated in this study, as well as processed files, have been
deposited with GEO, accession number GEO: GSE208602. This paper analyses existing, publicly available data. The accession
numbers for these datasets are listed in the key resources table.
® This paper does not report original code.
® Any 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

Wild type mice were on a C57BL/6 background. Two Rag knockout strains were used: Rag™~™°™ (Rag1'™M°™) mice'™* and
Rag "B (Rag1™B?) mice,"'® collectively referred to as Rag™~. Both Rag™~ strains were on a C57BL/6 background. Mice
harboring a Vh81X transgene in BALB/c''® were crossed with Rag~'~™°™ mice, yielding Rag/81X mice, with sufficient backcrossing
to assume a C57BL/6 background.

Mice were maintained in accordance with Babraham Institute Animal Welfare and Ethical Review Body under Project License 80/
2529 and P9B90446F approved by the UK Home Office. Recommended ARRIVE reporting guidelines were followed. Mice were bred
and maintained in the Babraham Institute Biological Services Unit under Specific Opportunistic Pathogen Free (SOPF) conditions.
After weaning, mice were maintained in individually ventilated cages (2-5 mice per cage). Mice were fed CRM (P) VP diet (Special
Diet Services) ad libitum, and millet, sunflower or poppy seeds at cage-cleaning as environmental enrichment. Health status was
monitored closely and any mouse with clinical signs of ill-health or distress persisting for more than three days was culled. Treatment
with antibiotics was not permitted to avoid interference with immune function. Thus, all mice remained ‘sub-threshold’ under UK
Home Office severity categorization. Mice (all mixed sex) were taken at 6-12 weeks old and killed according to Schedule 1 of the
Animals (Scientific Procedures) Act 1986.

METHOD DETAILS

Primary cells
Following CO, asphyxiation and cervical dislocation, mouse bone marrow was flushed from femurs and tibias, and the cell suspen-
sion was collected by centrifugation and resuspended in ice-cold PBS.

For Hi-C library preparation bone marrow cells from Rag ™'~ and Rag/81X mice were stained with magnetic microbeads conjugated
to anti-CD19 antibodies (Miltenyi Biotec) and separated on a large selection (LS) MACS columns (Miltenyi Biotec) according to man-
ufacturer’s instructions.

For 3D DNA FISH bone marrow cells were MACS depleted of non-B cells using biotinylated antibodies: TER119 (eBioscience;
1:400), CD11b (eBioscience; 1:1600), GR1 (eBioscience; 1:1600), LY6c (AbD Serotec; 1:400) and CD3e (eBioscience; 1:800) and
separated using magnetic beads (Miltenyi Biotec) on a large selection (LS) MACS columns (Miltenyi Biotec) according to manufac-
turer’s instructions. The depleted flow-through cells were stained with B220-BV421 (Biolegend; 1:200), CD19-PercpCy5.5 (BD Phar-
mingen; 1:400), CD43-FITC (BD Pharmingen; 1:200) and CD25-PE (BD Pharmingen) on ice for 45 min, washed and sorted on a
FACSAria machine (Becton Dickinson) as follows: Rag™~ pro-B cells: B220*, CD19*, CD43*; Rag/81X pre-B cells: B220*,
CD19%, CD43~, CD25".

22 Cell Reports 42, 113074, September 26, 2023


mailto:anne.corcoran@babraham.ac.uk
https://cran.r-project.org/web/packages/HiCseg/index.html

Cell Reports ¢? CellPress

For nuclear RNA-seq bone marrow cells from Rag ™~ and Rag/81X mice were isolated as described for 3D DNA FISH, except that
for pro-B cells, MACS enrichment with magnetic microbeads conjugated to anti-CD19 antibodies was performed prior to FACS sort-
ing instead of depletion.

Thymi from wild type mice were disrupted with forceps, flushed through a 70 um cell strainer and cells were collected by centri-
fugation and resuspended in ice-cold PBS. For Hi-C library preparation cells from four whole thymi were pooled to form one biological
replicate. For 3D DNA FISH cells from one thymus were stained with CD8-FITC (eBioscience) and CD4-PercpCy5.5 (eBioscience) on
ice for 45 min, washed with PBS and sorted on a FACSAria machine for double-positive (CD4*, CD8") T cells.

Hi-C

Hi-C with in-nucleus ligation was performed as described previously with minor modifications. Two biological replicates for
each Rag™/~M°™ Rag~~B% Rag/81X and thymocytes were generated. 20-50x10° cells were cross-linked for 10 min at room tem-
perature (RT) in 37 mL of DMEM supplemented with 10% FBS (Invitrogen) and containing a final concentration of 2% formaldehyde
(Agar Scientific). The reaction was quenched with 1M glycine added to a final concentration of 0.125M and incubation for 5 min at RT
followed by 15 min incubation on ice. Cells were centrifuged at 1500 rpm at 4°C for 10 min, washed in ice-cold 1x PBS and snap
frozen in liquid nitrogen then stored at —80°C.

Fixed cell pellet was thawed and resuspended in lysis buffer (10 mM Tris-HCI pH = 8, 0.2% NP-40, 10 mM NaCl, 1 protease in-
hibitor cocktail tablet (Roche complete, EDTA free), H20) and incubated on ice for 30 min with occasional mixing. Cells were centri-
fuged and the cell pellet was resuspended in 1 mL of ice-cold 1.25X NEB2 buffer. Samples were spilit into four 250 pL aliquots and a
further 108 puL of ice-cold 1.25x NEB2 buffer was added to each aliquot. To remove proteins not directly cross-linked to DNA, 11 pL of
10% SDS was added to each aliquot and they were incubated at 37°C for 1 h with shaking at 950 rpom. To quench the SDS, 75 pL of
10% Triton X-100 was added and incubated for a further 1 h at 37°C.

The cross-linked chromatin was digested with 1500U of Hindlll (New England Biolabs) and incubated overnight at 37°C with
shaking at 950 rpm.

Restriction fragment ends in cross-linked digested chromatin were filled-in and biotinylated by the addition of 6 uL 10x NEB Buffer
2, 2 uL nuclease-free water, 37.5 uL of 0.4 mM biotin-14-dATP (Life Technologies), 1.5 uL each of 10 mM dCTP, dGTP, dTTP and 50U
of Klenow DNA polymerase | large fragment (New England Biolabs). Reactions were incubated at 37°C for 75 min. Samples were
mixed by shaking at 700 rpm for 5 s every 30 s.

541 pL of ligation reaction mix (100 pL of 10x NEB ligation buffer, 10 uL of 100x BSA, 25U of T4 DNA ligase (Invitrogen) and 429 puL of
H>0) was added to biotinylated samples and incubated at 16°C for 4 h, then at RT for 30 min.

Cross-links were reversed by adding 600 pg of Proteinase K (Qiagen) to each sample and incubated overnight at 65°C. 100 pg of
RNaseA (Qiagen) was added to each sample and incubated at 37°C for 1 h. All steps up to this point were carried out in undisrupted
nuclei.

DNA was purified by a phenol (Sigma-Aldrich) extraction followed by two phenol-chloroform (Sigma-Aldrich) extractions and
precipitated with 0.1 volume of 3M NaOAc and 2.5 volume of 100% ethanol at —20°C overnight. DNA was centrifuged at
3,500 rpm at 4°C for 30 min and washed three times with 70% ethanol, then resuspended in TLE. DNA concentration was measured
using Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) according to manufacturer’s instructions.

Biotin was removed from non-ligated restriction fragments in 100 pL reactions containing 5 ug of DNA, 10 ng of BSA, 1x NEB Buffer
2, 0.1 mM dATP and 15U of T4 DNA polymerase (New England Biolabs) and incubated at 20°C for 4 h. The enzymatic reaction was
stopped by addition of 2 uL of 0.5M EDTA pH 8.0 and DNA purified by phenol-chloroform extraction followed by ethanol precipitation.

DNA Pellets were resuspended in 130 pL of nuclease-free water per 10 ug of material and sheared by sonication using an E220
ultrasonicator (Covaris) according to manufacturer’s instructions using the following settings: 10% duty factor, 140W peak incident
power, 200 cycles per burst, 55 s treatment time. Sheared ends were repaired by adding 6.5U of Klenow (New England Biolabs), 65U
of T4 DNA polynucleotide kinase (New England Biolabs), 19.5U of T4 DNA polymerase (New England Biolabs), 1x T4 ligase buffer
(Invitrogen) and 0.25 mM each of dATP, dCTP, dGTP and dTTP in 170 pL reactions and incubated at RT for 30 min. The DNA
was purified using a PCR Purification Kit (Qiagen) according to manufacturer’s instructions and eluted from the columns with
30 pL of TLE (Tris Low EDTA: 10 mM Tris-HCI pH 8.0, 0.1 mM EDTA) twice to give final volume of 60 uL per every 10 pg of material.

3’ A overhangs were added to the repaired ends of DNA fragments in 50 plL reactions containing 10 pg of Hi-C material, 1x NEB
Buffer 2, 0.25 mM dATP and 17.5U of Klenow fragment 3’ — 5’ exo- (New England Biolabs) and incubated at 37°C for 30 min, followed
by enzyme inactivation at 65°C for 20 min.

Fragments 200 bp-600 bp long were selected by double-sided SPRI bead selection using Ampure XP beads (Beckman Coulter)
according to the manufacturer’s instructions. First selection was performed with x0.6 volumes (60 puL) of beads to remove high mo-
lecular weight DNA fragments. The unbound fraction was used to perform the second selection with x0.9 volumes of beads (addi-
tional 30 uL of beads). Bound DNA of desired sizes was eluted from the beads with 50 pL of TLE. All DNA from one biological replicate
was pooled at this stage and DNA concentration was measured using Quant-iT PicoGreen dsDNA Assay Kit (Incitrogen) according to
the manufacturer’s instructions. The yield was between 10 and 30 pg per library.

Fragments containing biotinylated ligation junctions were pulled-down using streptavidin-coated beads. The libraries were divided
into 5 pg aliquots and mixed with 150 pL of Dynabeads MyOne Streptavidin C1 beads (Life Technologies) and processed according
to the manufacturer’s instructions. The binding step was performed with beads suspended in 300 uL of 2x binding and wash buffer
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(5 mM Tris-HCI pH = 8, 0.5 mM EDTA, 1M NaCl) and 300 pL of Hi-C material in TLE. Beads were finally washed with 200 pL of 2x T4
ligase buffer and then resuspended in 50 pL 1x T4 ligase buffer.

Paired-end sequencing adapters TruPE (Table S6A) were annealed together to produce double-stranded adapters by mixing 15 pL
of both adapters (each at 100 uM) with 70 pL of nuclease-free water and heated to 90°C for 5 min followed by 15 min at 70°C and then
cooled to RT on the bench. These are non-standard short adapters and do not contain barcodes. The barcodes were added later,
during the Capture Hi-C library generation.

4 uL of annealed adapters and 1400U of T4 DNA ligase (New England Biolabs) were added to the streptavidin bead suspension
containing biotinylated Hi-C material and incubated at RT for 2 h. Beads with Hi-C material were recovered using a magnetic sepa-
rator, washed twice with 400 pL of wash buffer (5 mM Tris-HCI pH = 8, 0.5 mM EDTA, 1M NaCl, 0.05% Tween), once with 200 puL of
wash buffer without Tween, once with 200 uL of 1x NEB Buffer 2, once with 60 pL of 1x NEB Buffer 2 and resuspended in 40 uL of 1x
NEB Buffer 2. Aliquots from the same biological replicate were pooled.

Test PCR reactions were set up to determine the optimal number of cycles to amplify the Hi-C libraries. 2.5 pL of bead suspension
were used as template with 0.3 pM each TruPE PCR primer 1.0.33 and TruPE PCR primer 2.0.33 (Table S6A), 1x Phusion Buffer, 0.6U
of Phusion polymerase, and 0.25 mM each of dATP, dCTP, dGTP and dTTP in 25 pL reactions. An initial denaturation step of 98°C for
30 s was followed by a varying number of cycles (typically 7, 9 and 12) of 98°C for 10 s, 65°C for 30 s and 72°C for 30 s, followed by
final extension for 7 min at 72°C.

The remaining bead-bound Hi-C material was split into 2.5 ulL aliquots for use as template in PCR reactions as described above
with the appropriate number of cycles. After library amplification, beads were immobilized on a magnetic separator and the super-
natants containing the ampilified library from the same biological replicate were pooled. DNA was purified and PCR primers removed
using x0.9 volumes of Ampure XP beads (Beckman Coulter) following the manufacturer’s instructions and eluted in 100 pL of TLE.

Hi-C libraries were analyzed using Bioanalyzer High-Sensitivity DNA Assay (Agilent) by the Next Generation Sequencing Facility at
the Babraham Institute.

Capture HiC

Capture baits

Baits were designed to cover all three immunoglobulin loci as well as several selected genes important in B cell development and
control regions. The Igh locus baits were made using 21 overlapping BACs and covered all Hindlll fragment ends in the 3.1 Mb
genomic region chr12:113074084-116172457, which encompasses the 2.8 Mb Igh locus chr12:113221856-116010765 and an addi-
tional 148 kb downstream and 162 kb upstream.

BAC DNA isolation. BACs (BACPAC Resources and Source BioScience) used for Capture Hi-C bait generation (Table S6B).

A single bacterial colony was | grown in 4 mL of LB with 25 mg/L chloramphenicol at 37°C for 8 h while shaking at 200 rpm. The
culture was transferred into a flask containing 200 mL of LB with 25 mg/L chloramphenicol and grown at 37°C overnight at 200 rpm.
BAC DNA was extracted from bacterial cultures using NucleoBond BAC 100 kit (Macherey-Nagel) according to the manufacturer’s
instructions. Purified BAC DNA was resuspended in elution buffer (Qiagen) and heated while shaking to ensure the DNA was solu-
bilized. The BR dsDNA Qubit assay (ThermoFisher) was used to determine DNA concentration.

Baits generation. Typically 5 BACS were processed simultaneously. 5 ng each BAC DNA was digested with 2U/uL (40U) of Hindlll,
overnight at 37°C, followed by additional 1U/uL for 2 h, purified by phenol/chloroform/isoamylalcohol (Sigma) extraction and then
chloroform extraction and ethanol precipitated at —80°C. The DNA was collected by centrifugation at 14000 rpm for 30 min at
4°C. The pellet was washed with 70% ethanol and resuspended in 25 uL. 10 mM Tris pH 7.5. DNA concentration was determined
by NanoDrop spectrophotometer.

Adapters containing T7 promoter sequence were produced by annealing two oligonucleotides (Table S6A) as described above for
TruPE adapters. Adapters were then ligated to digested BAC DNA in 150 pL reactions with 4800U of T4 DNA ligase (New England
Biolabs) and annealed T7 promoters (20 uM) at 3.1 uL per 10 ug DNA. Reactions were incubated at 16°C overnight and then inacti-
vated at 65°C for 10 min.

To generate 200 bp bait fragments, the BAC DNA mix was sheared by sonication using an E220 ultrasonicator (Covaris) with the
following parameters: 10% duty factor, 175 W peak incident power, 200 cycles per burst, 180 s treatment time. Sheared ends were
repaired as follows: Two end repair reactions were set up for each set of baits with the remaining DNA split between the two reactions.
Each 160 pL reaction contained 60 U T4 polynucleotide kinase (New England BioLabs), 18 U T4 DNA polymerase (New England
BioLabs), 6.5 U DNA Polymerase |, Large (Klenow) Fragment (New England BioLabs) and 0.16 mM dTNPs, in 1x T4 ligase buffer
(New England BioLabs). DNA was purified by QiaQuick PCR purification kit (Qiagen) in accordance with the manufacturer’s instruc-
tions, and eluted in 50ul then two columns combined per reaction; 4 columns per set of baits. DNA was purified as described above
for Hi-C material, and size-selected for 180 bp-300 bp fragments using x0.7 and x1.0 volumes of SPRI beads.

Biotinylated RNA baits were generated by using size-selected BAC DNA fragments as a template in 20 uL in vitro transcription re-
actions using T7 MegaScript kit (Life Technologies). Each reaction contained 1x reaction buffer, up to 1ug template DNA, 2.5 mM
biotin-UTP (Roche), 3.75 mM rUTP, 5.63 mM each rATP, rCTP, rGTP and 2 uL of T7 RNA polymerase. Reactions were incubated
at 37°C overnight. Template DNA was removed by incubation with 2U of TURBO DNase (Life Technologies) at 37°C for 15 min.
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Biotinylated RNA baits were purified using Ambion MEGAclear kit (Life Technologies) according to the manufacturer’s instructions.
RNA yield was determined using NanoDrop spectrophotometer. The groups of RNA baits were combined to obtain an equimolar pool
containing all the baits to be used in the capture.

The Capture Hi-C baits were sequenced as an RNAseq library to confirm in vitro transcription (Figures S1B-S1D).

Capture Hi-C procedure

500ng of Hi-C material were dried using a SpeedVac vacuum concentrator (Thermo Scientific) at 45°C until dry and resuspended in
3.5 puL of H,0, then mixed with 2.5 ng of mouse Cot-1 DNA (Life Technologies), 2.5 ng of sheared salmon sperm DNA (Life Technol-
ogies) and 45.5 uM of each of four blocking oligos (Table S6A) in a 8.25 ulL reaction and incubated at 95°C for 5 min followed by 5 min
at 65°C. 13 uL of 2x hybridization buffer (11.15x SSPE, 11.15x Denhardts, 11.15 mM EDTA, 0.223% SDS) were pre-warmed to 65°C.
500 ng of biotinylated RNA baits in 5.5 pL volume were mixed with 30U of SUPERase-In (Life Technologies) and pre-warmed to 65°C
for 2 min. Hi-C material was mixed with hybridization buffer and baits and incubated at 65°C for 24 h in a thermocycler with a heat-
ed lid.

60 pL of Dynabeads MyOne Streptavidin T1 beads (Life Technologies) were washed 3 times in binding buffer (1M NaCl, 10 mM Tris-
HCI pH 7.5 and 1 mM EDTA) and resuspended in 200 pL binding buffer. Beads were combined with the hybridization reaction and
incubated at RT for 30 min to bind fragments from the Hi-C library that hybridized to the biotinylated baits. Beads were recovered
using a magnetic separator and washed once with 500 pL of 1x SSC/0.1% SDS for 15 min at RT, followed by three washes of
10 min each at 65°C with 500 pL of pre-warmed 0.1x SSC/0.1% SDS. Finally beads were quickly washed with 200 pL of 1x NEB Buffer
2 at RT and resuspended in 30 pL of NEB Buffer 2.

Test PCRs were performed to determine the optimal number of cycles as described above for Hi-C and the final PCR was per-
formed to amplify the Capture Hi-C libraries. In this step, the PCR primers used added barcoded adapters to each library
(Table S6A). Barcoded adapters were also added to pre-capture Hi-C libraries.

Fragments of desired length (200 bp-600 bp) were selected by double-sided size selection using Ampure XP beads (Beckman
Coulter) according to the manufacturer’s instructions using x0.5 volumes of beads, followed by x1.0 volume of beads. DNA of
desired sizes was eluted from the beads with 20 puL of TLE. A further x1.0 volume SPRI size selection was performed. Capture
Hi-C libraries were analyzed using Bioanalyzer High-Sensitivity DNA Assay (Agilent) and KAPA Library Quantification Kit (KAPA Bio-
systems) to check for product size, library concentration and adapter incorporation.

Polymer modeling

We applied polymer modeling to deconvolve the Hi-C data and extract the cell-to-cell variability of genome folding at Igh locus.®® We
adopted a coarse-grained description of chromatin and used a beads-on-a-string representation of polymer where each monomer
corresponds to 20 kb chromatin. The distance between consecutive beads is defined by the length a (arbitrary unit). Each bead can
interact with any other bead through a spherical-well potential with interaction radius equal to 1.5a and hard-core radius of 0.6a. We
optimized the pairwise interaction energies (depth of the spherical-well) between monomers to reproduce the experimental heatmap
as previously described,®® see Figure S4A. Using the optimal model, we extracted 5001 3D representative conformations and studied
the folding properties of single conformations. The source code used to perform the simulations can be found here https://github.
com/zhanyinx/Zenk_Zhan_et_al_Nature2021/tree/master/simulations/cis/Montegrappa-1.2.

3D DNA fluorescence in situ hybridization (FISH)

3D DNA FISH was carried out on FACS-sorted ex vivo Rag ™ ~M°™ pro-B cells, Rag/81X pre-B cells and DP thymocytes using directly-
labeled fluorescent BAC probes as previously described'" with minor modifications. Briefly, 2 png of BAC DNA were nick-translated,
incorporated with aminoallyl-dUTP (Ambion) and labeled with an Alexa Fluor 555, 488 or 647 fluorescent dye. Cells were placed on
Poly-L-lysine coated slides (Sigma Aldrich) by dropping a droplet of 200,000 cells in the middle of the slide. Cells were left for 3 min at
RT to settle. Cells were fixed by submerging the slides in 4% paraformaldehyde (Sigma Aldrich) for exactly 10 min at RT. The fixation
was quenched in 155 mM glycine, cells were permeabilized in 0.1% saponin/0.1% Triton in 1x PBS, washed in PBS and stored in
50% glycerol at —20°C for 7 days.

20ng of each fluorescent DNA FISH probe (two probes per slide) were ethanol precipitated with addition of 2 ug of Cot-1 mouse
DNA (Invitrogen) and 9.7 pg of salmon sperm DNA (Sigma). The probe mix pellet was resuspended in 5 uL of formamide (Sigma Al-
drich) and mixed with 5 uL of 20% dextran sulfate in 2x SSC.

The slides were taken out of 50% glycerol, washed in PBS and calibrated in 20% glycerol/1x PBS. Slides were washed twice in 1x
PBS, incubated in 0.1M HCI for 30 min and washed in 1x PBS. Cells were permeabilized with 0.5% saponin/0.5% Triton/1x PBS for
30 min and washed twice in PBS. Slides were equilibrated in 50% formamide/2x SSC for at least 10 min, briefly washed in PBS to
wash off excess formamide, pat dried, and 10 pL of precipitated probe mix was pipetted onto a coverslip, which was then inverted
and placed onto the cells on the slide and sealed around with Fixogum rubber cement (Marabu). To hybridize the probe, the slide was
heated on a hot plate at 78°C for exactly 2 min and incubated in a humid box in the dark at 37°C for at least 16 h. The rubber cement
was peeled off and slides placed in 2x SSC until the coverslip slid off. To remove unspecifically bound probe the slide was incubated
in 50% formamide/2x SSC at 45°C for 15 min, then in 0.2x SSC at 63°C for 15 min, followed by 5 min in 2xSSC at 45°C, 5 min in 2x
SSC at RT and 5 min in PBS at RT. Cell nuclei were stained with DAPI (5 pg/mL in 2x SSC) (Invitrogen) for exactly 2 min and washed in
PBS. For final fixation, slides were incubated in 3.7% formaldehyde/1x PBS for exactly 5 min, then quenched with 155 mM glycine for
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at least 30 min and washed in PBS. A 22 x 50 mm coverslip with a drop of ProLong Diamond (Thermo Fisher) mounting medium was
mounted onto the slide, sealed with nail varnish and stored at 4°C overnight.

Fluorescent signal acquisition using Metacyte and analysis in Metafer

Fluorescent signals were acquired by MetaSytems Metacyte imaging system using a Zeiss Axio Imager Z2 microscope. Metacyte
imaged fields of view with multiple cells, capturing the fluorescent signals across 15 focal planes every 0.5 pm in all nuclei in
view, averaging 5 nuclei per field and capturing a total of 300-800 fields. Fluorescent signals were acquired using wavelengths of
488 nm (green), 555 nm (red), 647 nm (far red) and 358 nm (DAPI).

Metafer software analyzed every captured nucleus by identifying the number of fluorescent signals and recording their position
coordinates (analysis parameters for spot selection: absolute spot area 0.25 um?, max spot area 0.1 pm?, min spot distance
0.1 um?, min spot intensity 30%). Nuclei with a number of spots other than two per color were rejected. Cartesian coordinates of
each signal in 3D were exported from Metafer and distances between all signal pairs or trios were calculated. The shortest distances
in each cell were taken for further analysis. We measured the diameters of all analyzed nuclei. Nuclear volumes in Rag ™~ pro-B cells
and Rag/81X pre-B cells were similar. The average volume was 60.3 pm?® (assuming spherical shape). However, nuclear volumes in
thymocytes were significantly smaller and volume adjustment of factor 1.0601699 has been applied to normalize spot distances in
thymocytes.

The differences between Rag™ ", Rag/81X and thymocytes in the number of nuclei with two closest fluorescent signals closer than
1 um were analyzed using Fisher’s exact test with Bonferroni correction for multiple testing. The differences between all distances
separating two closest fluorescent signals in three cell types: Rag™~, Rag/81X and thymocytes; were analyzed using Kruskal-Wallis
test with Dunn’s correction for multiple testing.

To determine the probability of random association of two loci closer than 1 um, we first determined that in a sphere withr =1 um,
and therefore volume v = 4/371° = 4.187 um®, two loci have 100% probability to be within 1 um from each other or closer (when either
copy of each locus in a diploid genome is considered). Thus, the probability of a random association of two loci from either allele
within 1 pm radius in an average spherical nucleus of 60 pm?® volume is p = 4.187/60 = 0.069. Therefore, if two loci associate within
1 um radius in fewer than 6.9% of cells, this association could be random. The theoretical probability of two signals to be within
0.3 um at random is 0.18% and within 0.5 um is 0.87%. For three loci to simultaneously associate at random the probability is
6.9%%6.9% = 0.48%.

To label the Igh locus, a BAC probe RP23-109B20 over the D-J region (referred to as ’Igh(DJ)’) was used in experiments in Rag™~
pro-B cells and thymocytes. In FISH experiments in Rag/81X pre-B cells a BAC probe RP23-70F21 in the V region (referred to
as ’Igh(V)’) was used, because the Igh(DJ) probe also detected the Vh81X transgene on chromosome 16 giving three fluorescent sig-
nals per nucleus. To check how this might impact our results, we tested the difference in distances measured between the Igh and
Ebf1, Foxo1 and Runx1 using the Igh(V) probe compared to the distances measured using the Igh(DJ) probe in pro-B cells
(Figures S7C and ST7E). In Figure 7A we showed that the trans hits contact the Igh predominantly around the Eu-D-J region and
around 114.37-114.47 Mb in the V region. Whereas the Igh(V) probe detects sequences at 114.71-114.81 Mb and as might be ex-
pected, the comparison showed increased distances for Igh(V)+Foxo1 and Igh(V)+Runx1 compared to Igh(DJ)+Foxo1 and
Igh(DJ)+Runx1 in pro-B cells. This means that the distances between the Ep-J-D region and Foxo1 as well as Runx1 in Rag/81X
pre-B cells might in fact be slightly shorter than the measurements detected using the Igh(V) probe, which would further strengthen
the significance of our findings. Interestingly, for Igh(V)+Ebf1 in pro-B cells there was an increase in very short distances (below
0.5 um) (Figure S7C) and indeed, the Ebf1 appears to preferentially interact with the Igh in the V, region (Figure 7A). However, the
overall number of distances below 1 um for Igh(V)+Ebf1 was equal for the Igh(DJ) and the Igh(V) probes. To label the Igk locus,
the BAC probes RP24-179E20 and RP23-124023 were used.

/=

QUANTIFICATION AND STATISTICAL ANALYSIS

Hi-C and Capture Hi-C analysis

Hi-C and Capture Hi-C libraries were sequenced as 100 bp paired-end reads on lllumina HiSeg2500. The Hi-C User Pipeline (HICUP,
version 0.7.2)'?* was used to identify the Hi-C ligation junctions, trim the reads if they extended beyond the junction, map each of the
paired reads separately to mm10 mouse reference genome using Bowtie2 (version 2.3.2),""° filter out uninformative di-tags,'?® de-
duplicate and assess the cis:trans ratio in Hi-C and Capture Hi-C datasets (Table S1).

Capture Hi-C data from each of three sequencing runs was processed separately and di-tags belonging to the same biological
replicate were combined and additionally de-duplicated. The capture efficiency was calculated as the proportion of di-tags in the
final Capture Hi-C library with at least one end mapping to the baited regions. The level of enrichment of the baited sequences in
Capture Hi-C datasets compared to Hi-C was calculated by dividing the number of reads per million covering baited regions in Cap-
ture Hi-C by the number of reads per million covering baited regions in Hi-C.

Generation of custom genome datasets

Capture Hi-C read pairs were filtered into two categories: (1) read pairs with both ends mapping to the baited regions (custom
genome) and (2) read pairs with one end mapping to the baited regions (Figure S1E). Read pairs with none of the ends mapping
to the baited regions were not considered in further analysis. Read pairs falling into category (1) had their coordinates shifted by
the start of the baited sequence and custom genome dat files were produced to contain coordinates of custom ‘mini chromosomes’,
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whose starts and ends matched the starts and ends of the baited regions, using the Scribler script in HICUP. Using the hicup2homer
conversion script in HICUP 22 the custom genome Capture Hi-C BAM files were converted to "HiC summary’ file format accepted by
HOMER.?®

Matrix normalization in HOMER

HOMER (version 4.7) software®® was used to produce normalized interaction frequency matrices at 20 kb resolution for the Igh locus
in Rag~~™M°™ and Rag ™'~ pro-B cells, and thymocytes. HOMER employs an iterative correction method for matrix balancing,'?*
which corrects for biases inherent to Hi-C experiments. A background model at 20 kb resolution was generated and the analyzeHiC
function was used to produce interaction matrices with or without distance correction (the -simpleNorm option was used to omit dis-
tance correction). Output matrices were visualized in Java TreeView.'?®

BACs used to generate baits for the Igh locus covered the region chr12:113074084-116172457, then the region chr12:113090000-
116170000 was binned into 156 20 kb non-overlapping bins and used to generate HOMER matrices. The J, D and V genes, and the
regulatory elements in the Igh locus falling into each 20 kb bin are listed in Table S1.

Subdomain calling in HiCSeg

Subdomains were defined on the normalized matrix in Rag1 pro-B cells using the HiCseg package (v1.1) in R (v4.1.2). The
distribution of the data was defined as Gaussian, and the “Dplus” model was used. The subdomain boundaries for 4-8 change-
points were compared, and the boundary positions that were consistent between at least two of these were used to define the
consensus subdomains. The analysis was repeated on the matrix with the bins corresponding to white lines (in which there was insuf-
ficient data to quantify interaction frequency) omitted, which confirmed that the consensus subdomains were identical and were thus
not driven by these white lines.

Identification of significant inter-chromosomal interactions

Virtual 4C analysis has been performed by taking as a viewpoint all Hindlll fragments in each region of interest baited by BACs (i.e.,
Igh - 3.1 Mb viewpoint covered by BACs, Igk - 3.5 Mb, Igl/ — 410 Mb, Pax5 — 207 kb, Foxo1 — 150 kb, etc.) The virtual 4Cs were carried
out in Segmonk v1.47.1 (https://www.bioinformatics.babraham.ac.uk/projects/segmonk/) on raw Capture Hi-C data processed by
HiCUP using read pairs with at least one end mapping to the baits (category (1) and (2), but with read pairs in cis removed). Other ends
of reads mapping to each viewpoint were extracted and quantified in 500 kb bins genome-wide, creating 4C-like datasets. trans in-
teractions yield far fewer reads than cis interactions, hence a lower resolution was required. The first 3 Mb of every chromosome’s
centromeric end was omitted, which is a standard approach when mapping NGS data to avoid these repetitive regions. Modified Z
score analysis was performed on inter-chromosomal read counts to identify the highest outlier bins with Z score > 3.5, representing
the most frequent interactions with the viewpoint. An interaction between the viewpoint and a 500 kb bin was considered significant if
Z score was greater than 3.5 in both biological replicates. For 500 kb bins that satisfied this condition an average Z score was calcu-
lated. Trans interactions in Rag™~ pro-B cells were reported using Rag ™ ~™M°™ datasets. The significant hits were checked against
blacklisted regions.'® 4.5 Mb around the Vh81X transgene were also excluded from the Z score analysis. Whilst the integration site of
the mouse Vh81X transgene in the genome of the Rag/81X mouse was previously unknown, we identified this site on chromosome 16
at a genomic location around 82,950,000-83,000,000 (Figure S5B). The virtual 4C from the Igh locus showed a strong ‘interaction’
peak on chr16 in this region, which was not present in virtual 4Cs from other viewpoints or in Rag’/’ pro-B datasets. The transgene is
absent from the genome assembly, therefore all reads experimentally coming from the transgene were mapped to the endogenous
Igh locus, whereas their other ends interacting in cis were mapped to the transgene’s surrounding sequences on chromosome 16,
which ultimately allowed for its identification.

Virtual 4Cs from six of the top 14 Igh trans hits in Rag’/ ~ pro-B cells were performed on raw reads as reciprocal analysis to identify
the most frequently contacted parts of the Igh locus at 40 kb resolution (Figure 7A). Runx1, Ebf1, and Pax5 were baited. Others,
including Aff3, Cux1 and Foxp1 were not baited, but can serve as viewpoints for detecting reciprocal interactions with baited regions
such as the Igh (other end-to-bait).

Overlaps between interchromosomal interactions were visualized using Venn diagrams and UpSet plots.'?’

A/B compartment analysis

The genome was binned into 500 kb bins and the runHiCpca.pl function in HOMER was applied to Hi-C datasets (pre-capture) to
identify the first principal component (PC1). A H3K4me3 ChiIP-seq dataset (GSE80155) was used to determine the sign on the PC
eigenvectors. Default parameters were used except -active H3K4me3.

Hierarchical clustering

Hierarchical clustering of trans interactions was performed using pheatmap package in R using the default distance function
(‘Euclidean’), the default clustering function (‘complete’) and dendrogram clustering was applied to both columns and rows.

—/—Mom

Polymer modeling: Clustering of conformations

To investigate whether the V(D)J locus assumed different sub-classes of conformations, we used two measures of structure similar-
ity, (1) the root mean squared difference in bead-to-bead distance for all beads in each structure and (2) overlap of significant bead-
to-bead interactions between any two conformations (Figures S4B and S4C). By clustering conformations with similar structure, we
showed that V(D)J locus does not fold into defined subclasses of similar conformations, but rather it is made of a large amount of
heterogeneous structures, which may underpin the diversity of V(D)J recombination events.
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Correlation with recombination frequency

The recombination frequency of V beads was determined by taking the average of recombination frequencies of all active V genes in
each 20 kb bead as determined by VDJ-seq.” Active V genes were identified by a binomial test on their primary recombination read
counts and then used as a binary attribute.” Spearman’s correlation was calculated between V bead recombination frequency and
V-D interaction frequency (<1.5a).

Center of mass

Center of mass (CM) of the whole modeled Igh structure and the V gene-only center of mass (CMv) were defined as an average of all
bead coordinates (avg x, avg y, avg z).

Inter-chromosomal interaction network in Cytoscape
The output of Z score analysis was visualized as a putative trans interaction network in Cytoscape.''® The node labels display genes
of interest of putative relevance identified by considering GO terms from GOrilla,"'” by gene expression in pre-B cells according to
nucRNA-seq, and by their roles in immune response and lymphocyte development as reported in literature. Some 500 kb bins did not
contain any genes of interest and their nodes are unlabeled.

RNA-seq

Nuclear RNA-seq from Rag pro-B cells and Rag/81X pre-B cells was performed as previously described.” Reads were
trimmed with Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), mapped with HISAT2"'® and log2-
transformed reads per million were quantified in 0.5 Mb bins using Segmonk (https://www.bioinformatics.babraham.ac.uk/
projects/segmonk/).

—/—Mom

Other datasets used

ChlP-seq datasets for CTCF (GSE47766)''? and H3K4me3 (GSE80155)* were mapped with Bowtie and peaks were called using
MACS2 in the narrow peak mode.'?® Quantitation of CTCF peaks was performed in Segmonk using the base pair quantitation option
for 20 kb bins across the Igh locus. H3K4me3 ChIP-seq was used in A and B compartment analysis as described above.
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Figure S1. Enrichment of Hi-C material by bait pull-down. Related to Figure 1

(A) The Igh has lower read coverage in Hi-C than adjacent regions. Hi-C reads in the region
chr12:90,000,000-end were quantitated in 100kb bins, normalised per million reads and
biological replicates were averaged.

(B) The baits were validated by RNA-seq. Read count per million in 100bp bins is shown
genome-wide.

(C) Interactions of the baited Igk and Igh loci and non-baited Aff3 locus in Hi-C and CHi-C
datasets. 5 million randomly sampled reads from HiCUP-processed Hi-C and CHi-C datasets
were quantified in 200kb bins and visualized in the WashU Epigenome Browser. Arcs show
interactions. Arc colour indicates the number of interactions. One representative replicate is
shown for each type of dataset: 1 — Hi-C Pro-B 1; 2 — CHi-C Pro-B 1; 3 — Hi-C Pre-B 1; 4 —
CHi-C Pre-B 1; 5 — Hi-C Thymus 1; 6 — CHi-C Thymus 1.

(D) Validation of Igh baits by RNA-seq. Log2 read count per million over HindIII sites (-300bp
to +300bp) for the Igh baited region (C) are shown. BAC positions are indicated by the light
blue rectangles.

(E) CHi-C and Hi-C libraries exhibit the same read coverage pattern across the Igh locus. For
pro-B and thymus samples, reads in Hi-C libraries and Scribler-processed CHi-C libraries were
quantitated in 10kb bins with 1kb step, normalised per million reads. Biological replicates were
averaged.

(F) CHi-C and Hi-C read coverage across the Igh locus is correlated. For pro-B and thymus
samples, reads in Hi-C libraries and Scribler-processed CHi-C libraries were quantitated in
20kb windows over the Igh locus, normalised per million reads and biological replicates
averaged. cor = spearman correlation coefficients.

(G) PCA shows reproducibility of biological replicates. Scribler-processed CHi-C datasets
screened against a blacklist were processed in Homer to generate genome wide interaction
matrices at 0.5Mb resolution, correcting for read coverage. The PCA examined normalised
interaction frequencies across all replicates for all pairs of 0.5Mb bins genome wide, filtering
out pairs of bins where the normalised interaction frequency was zero across all replicates.
(H) PCA shows that all pro-B cell replicates have similar Igh locus conformation.

Homer read coverage corrected interaction matrices at 20kb resolution were generated for the
Igh baited region for all replicates. Values corresponding to ‘white lines,” where normalised
interaction frequency could not be computed, were filtered from the matrices. A PCA was
performed to show normalised interaction frequencies across all replicates for all pairs of 20kb
bins.
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Figure S2. Interaction matrices of the Igh locus corrected for read coverage and distance.
Related to Figure 2.

(A) Positions of subdomain boundaries determined by HiCseg when different numbers of
subdomains are specified. Boundaries identified at least twice were taken as the consensus to
define the subdomains.

(B) Read coverage corrected interaction matrix at 20kb resolution for the Igh baited region for

Rag-/-Bal

pro-B datasets.
(C) Read coverage and distance corrected interaction matrix at 20kb resolution for the Igh
baited region for Rag”™°™ pro-B and (D) thymus datasets.

All matrices were generated in Homer and biological replicates were averaged. White lines are
bins with low read coverage excluded from analysis by Homer. Arrow 1 — 3’CBEs; arrow 2 —
Ep; arrow 3 —IGCR1; arrow 4 — most proximal Vi genes; arrow 5 —5' of 7183 Vy gene family;
arrow 6 — 5’ of S107 Vu gene family; arrow 7 — 3° J606 Vu genes; arrow 8 — start of distal
subdomain; arrow 9 - end of distal subdomain. The positions of subdomains in pro-B datasets
determined using HiCseg are indicated by grey rectangles.
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Figure S3. Virtual 4C interaction profiles of selected viewpoints in the Igh locus. Related
to Figure 2.

Interaction counts were taken from the pro-B read coverage corrected interaction matrix in
Figure 2A. The 20kb bin containing the viewpoint has been omitted for clarity and marked
with a grey dashed line. Dotted lines indicate the positions of the 3’CBEs (left, orange), En
(middle, yellow) and IGCRI1 (right, orange). (A) Interaction profile from 113.21-113.23Mb
(bin containing 3’ CBEs). (B) Interaction profile from 113.23-113.25Mb (bin containing 3’RR).
(C) Interaction profile from 113.41-113.43Mb (bin containing Ep). (D) Interaction profile from
113.47-113.49Mb (bin containing IGCR1). (E) Interaction profile from 113.57-113.59Mb (bin
containing most 3° Vu gene). (F) Interaction profile from 114.39-114.41Mb (bin at 3' of J606
Vu gene family). (G) Interaction profile from 114.59-114.61Mb (bin preceding the distal
domain). (H) Interaction profile from 115.61-115.63Mb (bin containing J558.71pg.172 and
J558.72.173).
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Figure S4. Polymer modelling of Capture Hi-C. Related to Figure 3

(A) The chromatin fibre is treated as a string of beads, where adjacent beads correspond to
consecutive 20kb of DNA sequence. There is no separation between beads (top). Schematic of
the polymer model for structural deconvolution of CHi-C interaction frequencies (bottom). The
model is constrained by the fixed distance between adjacent bead centres (a=20kb). Pairs of
beads interact via short-range interaction potential (thick line) and each model gives a measure
of pairwise distances between beads (d). R=1.5a is a radius of a physical interaction, whereas
ruc=0.6a 1s a hard-core repulsion radius. Monte Carlo sampling simulates the equilibrium
ensemble of conformations and contact probabilities are compared to experimental CHi-C
interaction frequency map using chi? (x°) as a dissimilarity score. Interaction potentials are
iteratively optimised by further sampling (dotted lines) until simulated equilibrium ensemble
converges with the experimental data.

(B and C) Single structures generated by the polymer model for pro-B (B) and thymus (C)
datasets were clustered using differences in bead-to-bead contacts between each pair of
conformations as a dissimilarity score.

(D and E) The distribution of the number of interacting partners for the 5001 conformations is
shown for selected beads of the polymer model in pro-B cells (D) and thymus (E).

(F and G) There is weak correlation between Vu-Du bead interaction probability and
recombination score (provided by (Bolland et al., 2016)

(F) For all Vu beads, the correlation between the Vu-Dn bead interaction probability and the
average recombination score of all V genes in that bead was determined. (G) For Vu beads
containing a single active Vu gene, the correlation between the Vu-Dy interaction probability
and the recombination score of the Vu gene was determined. cor = Spearman’s correlation
coefficient.

(H) CTCF binding does not impact Vy-Dy bead interactions. Boxplot shows the interaction
probability of a given Vy bead with any Dy bead, where Vu beads are grouped depending on
whether they bind CTCF or not. A Mann Whitney U test was performed.

(I and J) CTCF binding does not impact Vy-DJu recombination frequency. (I) The average
recombination score of all Vy genes in a bead was compared between beads that do and do not
bind CTCF. (J) For Vu beads containing a single active Vu gene, recombination score of that
gene was compared between genes in beads that do and do not bind CTCF. A Mann Whitney
U test was used in (I) and (J).
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Figure S5. Inter-chromosomal contacts of the Ig loci. Related to Figure 5.

(A and B) V4Cs from the Igh baited region were performed on Scribler-processed and
blacklisted CHi-C datasets. Other ends were quantified in 0.5Mb bins genome wide and
biological replicates were averaged. Genome wide views of interactions from the Igh are shown
in (A) pro-B cells and (B) pre-B cells.

(C-E) Venn diagrams show shared significant (z-score>3.5) interchromosomal interactions
from the (C) Igh viewpoint; (D) Igk viewpoint; (E) IgA viewpoint.

(F-H) The interchromosomal interactions are developmental stage specific and the Ig loci share
interaction partners in pre-B cells. Venn diagrams show the shared significant (z-score>3.5)
interactions in (F) Pro-B; (G) Pre-B; (G) Thymus.

(I) UpSet plot showing the number of unique and shared interchromosomal interactions
between the three Ig loci, Pax5, Ebfl, and Foxol at each developmental stage. Numbers to the
right indicate the total number of interchromosomal interactions for each viewpoint; only the
top 25 intersection patterns (based on the sum across developmental stages) are shown. Note
that whilst the bars are stacked to facilitate visualisation, interactions at a given developmental
stage will overlap with those at other stages, as shown for the Ig loci in C-D.

(J) Hierarchical clustering shows similarities between interchromosomal interactions from the
Ig loci and baited regions implicated in B cell function. 0.5Mb bins were selected for
hierarchical clustering if they had a significant interaction with any of the viewpoints of interest
(Igh, Igk, Igh, Bach2, Ebfl, Foxol, Notch1, Pax5, Runx1 and I17r) at any developmental stage.
Clustering, based on average z-score values, was performed using the pheatmap package in R.
The distance measure “Euclidean” and the clustering method “complete” were used.

(K-O) A or B compartment strength is shown in 0.5Mb bins for 10.5Mb regions centred on loci
of interest: (K) Igh, (L) Igk, (M) Igh, (N) Pax5 and (O) Ebfl. Values >0 indicate A
compartments and values <0 indicate B compartments. The position of the locus of interest is
indicated by dotted red lines. Empty bins, seen in (M), arise due to low read coverage
precluding calculationof PC1 values in Homer.
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Figure S6. 3D FISH data is reproducible and validates Chi-C interchromosomal
interactions of Igh and Igk. Related to Figure 5.

Biological replicates of 3D FISH experiments for (A) Igh + Ebfl and (B) Igh + Foxol were
highly reproducible. The Igh (DJ) probe was used for pro-B and thymus, and the Igh (V) probe
for pre-B. The closest signals in each cell were used. n = number of cells analysed per slide.

(C-E) The D-J region participates in interchomosomal interactions more frequently than the
distal V region. Distances between the Igh and the locus of interest in pro-B cells (Ebf1 in (C);
Foxol in (D); Runx1 in (E)) were compared when using the V FISH probe (BAC RP23-70F21)
and the DJ FISH probe (BAC RP23-109B20) depicted in Figure 6. A Mann-Whitney test was
performed. The distances <Ium are plotted in three categories: <0.5um, 0.5-0.8um and 0.8-
1um; Dashed line denotes the probability of a random interaction at a distance of <lum of
6.9%.

(F-I) 3D FISH probing of the Igk locus validates Igk interchromosomal interactions. Igk with
(F) Pax5, (G) Foxol, (H) Ebfl or (I) Bach2. Igk probes RP24-179E20 and RP23-124023 were
labelled with Alexa Fluor 488 (green). Line graphs show cumulative distributions of distances
<lum between the Igk locus and genes of interest in three cell types. The closest signal pairs
in each cell were used. n=number of nuclei analysed. Bar graphs show distribution of distances
grouped into four brackets (<0.5um, 0.5-0.8um, 0.8-1pum, >1pum). Dashed line denotes the
probability of a random interaction at a distance of <lpum of 6.9%. P-values were calculated

using the Fisher’s exact test with Bonferroni correction.
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Figure S7. Interchromosomal interaction network of the Ig loci in pre-B cells. Related to
Figure 6.

The nodes correspond to 0.5Mb bins in which interchromosomal interactions were analysed.
Bins contacted by all three Ig loci are indicated by yellow nodes, bins contacted by two Ig loci
are indicated by green nodes, and bins contacted by only one Ig locus are indicated by blue
nodes. The thickness and shade of the purple lines linking the nodes represent the frequency of
the interaction (z-score value). Putative genes of interest are annotated for selected nodes.
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