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Indeveloping B cells, V(D)) recombination assembles exons encoding IgH and Igk
variable regions from hundreds of gene segments clustered across /gh and Igk loci.
V,D and] gene segments are flanked by conserved recombination signal sequences
(RSSs) that target RAG endonuclease’. RAG orchestrates [gh V(D)) recombination
upon capturing aJ,-RSS within the J,,-RSS-based recombination centre' (RC).},;-RSS
orientation programmes RAG to scan upstream D- and V;-containing chromatin that
is presented in alinear manner by cohesin-mediated loop extrusion*”. During Igh
scanning, RAG robustly utilizes only D-RSSs or V;-RSSs in convergent (deletional)
orientation withJ,,-RSSs*”. However, for Vk-to-Jk joining, RAG utilizes Vk-RSSs from
deletional- and inversional-oriented clusters?, inconsistent with linear scanning?.
Here we characterize the Vk-to-Jk joining mechanism. gk undergoes robust primary
and secondary rearrangements®°, which confounds scanning assays. We therefore
engineered cells to undergo only primary Vk-to-Jk rearrangements and found that
RAG scanning from the primaryJk-RC terminates just 8 kb upstream within the
CTCF-site-based Sis element™. Whereas Sis and the Jk-RC barely interacted with the
Vk locus, the CTCF-site-based Cer element'?4 kb upstream of Sis interacted with
various loop extrusion impediments across the locus. Similar to V,, locus inversion’,
DJ,inversion abrogated V,-to-DJ,;joining; yet Vk locus or Jk inversion allowed robust
Vk-to-Jk joining. Together, these experiments implicated loop extrusionin bringing
Vk segments near Cer for short-range diffusion-mediated capture by RC-based RAG.
To identify key mechanistic elements for diffusional V(D)) recombination in /gk versus
Igh, we assayed Vk-to-J,,and D-to-Jk rearrangements in hybrid Igh-Igk loci generated
by targeted chromosomal translocations, and pinpointed remarkably strong Vk and
JkRSSs. Indeed, RSS replacements in hybrid or normal /gk and Igh loci confirmed the
ability of /gk-RSSs to promote robust diffusional joining compared with /gh-RSSs. We
propose that /gk evolved strong RSSs to mediate diffusional Vk-to-Jk joining, whereas
Igh evolved weaker RSSs requisite for modulating V,, joining by RAG-scanning
impediments.

Bona fide RSSs flanking antigen receptor gene segments have a con-
served palindromic heptamer with a consensus CACAGTG sequence
and aless-conserved AT-rich nonamer separated by 12-bp or 23-bp
spacers' (denoted 12RSSs and 23RSSs, respectively). RAG endonucle-
ase initiates V(D)) recombination by cleaving between the CAC of the
heptamer and flanking coding sequences upon capturing comple-
mentary 12RSSs and 23RSSs in its two active sites, a property known
as12/23 restriction*™", In the mouse Igh, more than 100 V,, segments
lie within a 2.4 Mb distal portion followed downstream by multiple D
segments and fourJ,;segments®. V,;segments have downstream 23RSSs,
D segments have 12RSSs on both sides, and J,; segments have upstream
23RSSs?. Owing to 12/23 restriction, V, segments cannot directly join

toJ, segments. In progenitor B (pro-B) cells, joining of all D segments,
except proximal DQ52, to},,segments occurs via linear scanning during
which RAG dominantly captures and utilizes downstream, deletional
D-12RSSs owing to convergent orientation withJ,-23RSSs’. As DQ52 lies
within the /gh-RC, both of its RSSs access RAG by short-range diffusion,
but the downstream DQ52-12RSS predominates owing to its superior
strength>*, The D), intermediate and its upstream 12RSS form aRC for
V,-to-DJ,joining??; but the IGCR1 regulatory region just upstream of the
D segments contains two CTCF-binding elements (CBEs) that substan-
tiallyimpede upstream RAG scanning*®'¢. Moreover, most D-proximal
V,,segments have RSS-associated CBEs thatimpede RAG scanning and
enhance their interaction with the DJ,-RC, increasing their utilization
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Fig.1|Vklocusinversion maintains utilization of deletional and inversional
Vksegmentsinbone marrow pre-Bcellsandinv-Ablcells. a, lllustration of
mouse Igk (not to scale). Relative location of proximal (orange shadow) and
distal (blue shadow) mainly deletional-oriented Vk segments and middle (grey
shadow) mainly inversional-oriented Vk segments. Cer and Sislie downstream
of the proximal Vk; Cer upstream-oriented (purple trapezoids) and Sis
downstream-oriented (pink trapezoids) CBEs are indicated. Four functional Jx
segments downstream of Sis, with the /gk intronic enhancer (iEk), form the RC
(dashedredrectangle). Further downstream, the Ck, /gkenhancers, RSS and
upstream-oriented CBE areindicated. Vk segments are flanked by 12RSSs

(red triangles) and Jk segments by 23RSSs (yellow triangles). Vk locus CBEs are
showninFig.2. WT, wild type. b,c, Relative utilization of individual Vk segments

far beyond that provided by their RSSs alone?. To promote balanced
Vyutilization, the activity of CBEs and other V,,locus scanning impedi-
mentsis diminishedin pro-B cells by developmental down-modulation
of the WAPL cohesin-unloading factor””, enabling linear loop extru-
sion to directly present the entire V locus to the RAG-bound DJ,-RC’.
AlthoughRAG linearly scans the length of aninverted Vy locus, V,-to-DJ,
joining is nearly abrogated due to bona fide V,-RSSs no longer being
in convergent orientation with the DJ,-RCRSS’.

Primary Vk-to-Jx joining does not use RAG scanning

Thedistal 3 Mb of mouse /gk contains 103 functional Vk segments asso-
ciated with12RSSs followed downstream by the /gk-RC that contains 4
functional Jk segments with 23RSSs, allowing direct Vk-to-Jk joining®
(Fig.1a). The Cer and Sis elements, each of which contain two CBEs
and are located in the 13 kb interval between the most proximal Vk
andJ«1 (Fig. 1a), functionally promote distal Vk usage'™. In precursor
B (pre-B) cells, initial (primary) Vk-to-Jk rearrangements mostly uti-
lizeJk1'8. Subsequently, the three functional downstream Jk segments
(Jxk2,Jx4 andJx5) undergo secondary rearrangements with remaining
upstream Vk segments'®. V(D)) recombination, which occurs strictly
inthe Gl phase of the cell cycle”, can be activated in Gl-arrested Abel-
son murine leukaemia virus-transformed pro-B cell lines? (hereaf-
ter referred to as ‘v-Abl cells’). For high-throughput genome-wide
translocation sequencing-adapted V(D)J-sequencing (HTGTS-V(D)
J-seq) assays?, we generated RAG-deficient v-Abl cells and ectopically
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onwild-typeallelesinv-Ablcells (b) and bone marrow (BM) pre-B cells (c) baiting
fromJx5 (indicated ina). Inv, inversional joins; Del, deletional joins. Locations
of selected Vk segments are indicated—these features are retained in subsequent
figures. Vk usage patternsinb,care highly similar (two-sided Pearson’sr=0.88,
P=2.2x107%).d, lllustration of inverted Vk locus. e,f, Relative utilization of
individual Vk segmentsoninverted Vk allelesin v-Abl cells (e) and bone marrow
pre-Bcells (f) assayed withJkS bait. Vk usage datain the inverted locusis shown
intheinverted orientation. Vk usage patternsine,fare highly similar (two-sided
Pearson’sr=0.97,P=>5.5x10"%).Junction numbers are shownineach panel and
insubsequent figures for comparison of absolute levels. Vk utilization data are
presented as mean +s.e.m.from4 (b,e) or 7 (c,f) biological repeats.

introduced RAG upon Gl arrest. Although v-Abl cells undergo robust
D-to-J,rearrangements, they rarely exhibit V,-to-DJ, rearrangements
owing to high levels of WAPL’. Despite these high WAPL levels, v-Abl
cells underwent robust Vk-to-Jk rearrangements with usage patterns
of deletional- and inversional-oriented Vk segments similar to those
of normal bone marrow pre-B cells (Fig. 1b,c). Of note, bone marrow
pre-B cells and v-Abl cells in which we inverted the Vk locus (Fig. 1d)
underwent very similar patterns of robust Vk-to-Jk rearrangements,
with previously deletional-oriented Vk segments rearranging by inver-
sion and previously inversional-oriented Vk segments rearranging by
deletion (Fig. 1e,f). These results confirm that /gk utilizes a markedly
different long-range V(D)] recombination mechanism to that of Iigh
andindicate that v-Abllines are a faithful system for in depth analyses
of this mechanism.

To facilitate the assessment of effects of cis-acting /gk modifica-
tions in v-Abl cells, we generated a v-Abl cell line containing a single
Igk locus (the single gk allele v-Abl line). This line undergoes Vk-to-Jk
joining nearly identically to its parental line (Fig. 2a,b; compare with
Fig.1b). Long-range RAG chromatin scanning of both the /gh and other
multi-megabase domains genome-wide can be revealed by highly sen-
sitive HTGTS-V(D)J-seq-based RAG-scanning assays for very low-level
RAG-initiated joins betweenaRC-based bonafide RSS and weak cryptic
RSSsassimple as the CAC of the heptamer whenin convergent orienta-
tion**>’, This assay reveals chromatin regions scanned by RC-based
RAG, directionality of exploration, and effects of local chromatin
structure on loop extrusion-mediated scanning activity>*>’. We used
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Fig.2|RAGscanning for primary Igkrearrangementis terminated within
Siswhile Cerinteracts across the Vklocus. a, Diagram of the single Igk

allele v-Ablline. b, Relative utilization of individual Vk segmentsin the single [gk
alleleline withJk5 bait. ¢, Percentage of pooled RAG off-target junctionsin /gk
locus from the single /gk allele line. The regionbetween CerandJx, highlighted
inyellow, isenlarged on theright.d, Percentage of inversional and deletional
cryptic RSSjunctions withinindicated Vk locus (chromosome (chr.)
6:67,495,000-70,657,000) and Cer-Jk regions (chr. 6:70,657,000-70,674,500)
fromthesingle /gkalleleline. e, Diagram of the single Jk5 allele v-Ablline. f-h, Vk
usage (f) and RAG off-target profiles (g,h) in the single Jx5 allele line presented
asinb-d.i, Diagram of the single Jk5-Vkinvv-Ablline. j-1, Vk usage (j) and RAG
off-target profiles (k,1) in the single Jx5-Vkinv line presented as inb-d. Vk1-135
isover-utilized (j), probably owing toits associated transcription. In Fig. le,f,

this assay with aJk5 bait, which should primarily detect chromosomal
joins®, to assess RAG scanning versus normal Vk-to-Jk joining activity
in the single Igk allele v-Abl line. The results were markedly different

Vk2-137is equally used, probably owing toits replacement of primary Vk1-135
inversional rearrangements via deletional secondary rearrangements. Vk usage
dataand RAG off-targetjunctionsintheinvertedlocus areshownininverted
orientation (j, k). m, Chromosome conformation capture (3C)-HTGTS profiles
inthe /gklocus from RAG-deficient v-Abl cells baiting fromiEk (red), Sis CBE2
(green) and Cer CBE1 (blue) and from RAG-deficient primary pre-B cells baiting
from Cer CBE1 (pink). Asterisks indicate the location of baits. Locations of
Cer-baited interaction peaksin the Vklocus significantly above background are
indicated withblacklines, CBEsinthe/gklocusareindicated withred (rightward)
and blue (leftward) lines. Details on peak calling are provided in Methods.

Vi utilization and cryptic RSS dataare presented asmean + s.e.m. from4 (b,d),
7 (f,h) or 3 (j 1) biological repeats; 3C-HTGTS data are presented as mean value
from2biological repeats.

fromlinear strand-specific scanning tracks observed during V,;-to-DJ,,
rearrangement®’;indeed, scanning tracks appeared across the Vk locus
onboth DNA strands and lacked clear directionality (Fig. 2c,d). These
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scanning patterns suggested thatinversional rearrangements displace
Cerand Sisimpediments and place groups of downstreaminversional
Vk segments in deletional-orientation upstream of remaining Jk seg-
ments for secondary rearrangements®°, potentially mediated by linear
RAG scanning.

To more rigorously test the origin of the complex wild-type v-Abl
Igk scanning patterns, we deleted both Jk1-4 and the downstream
Igk-RSS-based deleting element? from the single Igk allele v-Abl cells,
leaving JkS5 in its normal position relative to iEk. This ‘single Jk5 allele’
v-Ablline undergoes only primary Vk-to-Jk5 rearrangements (Fig. 2e),
with rearrangements and scanning patterns representing those that
happen during primary Vk-to-Jk recombination. Primary bona fide
Jx5joins to deletional and inversional Vk segments across the locus
were chromosomally retained with patterns somewhat different from
those of the parental single /gk allele v-Abl cells (Fig. 2f; compare with
Fig. 2b), probably owing in large part to elimination of secondary
rearrangements (see Fig. 2 caption). However, overall findings were
clear—primary RAG scanning from the Jk5-based RC was terminated
8 kb upstream within Sis (Fig. 2g,h), despite primary Vk-to-Jk joins in
the same cells occurring across the locus (Fig. 2f). We also inverted
the Vk locus in the single Jk5 allele v-Ablline to form the ‘single Jx5-Vk
inv’line (Fig. 2i). In the single Jk5-Vk inv v-Abl line, Vk-to-Jk rearrange-
ments occurred across the locus, albeit with dominant utilization of
the normally distal Vk1-135 in a proximal position (Fig. 2j); however,
primary RAG scanning was still terminated within Sis (Fig. 2k,1). Finally,
we generated a single Jk1 allele v-Abl line and found that Vk segments
were utilized across the locus (Extended Data Fig. 1a,b); but primary
RAG scanning was also terminated within Sis (Extended Data Fig. 1c,d).

Primary Vk-to-Jx joining uses short-range diffusion

Given our findings that RAG does not linearly scan upstream chro-
matin beyond Sis during primary Vk-to-Jk rearrangement, we used
high-resolution 3C-HTGTS? to explore interactions of the Igk-RC,
Sis or Cer with the Vk locus in RAG-deficient v-Abl cells. These anal-
yses revealed that, compared with Cer, the Igk-RC and Sis had little
interaction with sequences upstream of Cer (Fig. 2m, top 3 tracks).
By contrast, Cer interacted with more than 100 sites across the Vk
locus in RAG-deficient pre-B cells, many of which were also found in
RAG-deficient v-Abllines (Fig. 2m, bottom two tracks). Moreover, Cer
did not interact substantially with Igk sequences, including the RC,
downstream of Sis (Extended Data Fig. 2a). The strongest Cer inter-
actions frequently corresponded to CBEs?, but many others corre-
spondedto E2Assites, oftenin association with transcribed sequences
(Extended Data Fig.2b and Supplementary Data1). Notably, two previ-
ously described Vk enhancers were in the latter category; deletion of
either enhancer affected utilization of nearby Vk segments®%, As these
deletions were done inwild-type cells, additional effects of the enhancer
deletions on primary /gk rearrangements might be confounded by
secondary rearrangements (see example in Fig. 2 caption). Finally, it
is notable that these interactions with the Cer bait across the Vk locus
occurred with WAPL levels that abrogate interactions of IGCR1 CBE
with upstream V, locus scanning impediments®?*?, In this regard,
CBEsinthe Vklocus appearlessdense and less potent thanthoseinthe
V,locus (Extended Data Fig. 3a,b). Thus, loop extrusion may proceed
more readily across the Vk locus with high WAPL levels, as found for
other multi-megabase loci without strong extrusion impediments in
v-Abl cells*. Internal convergent CBE-based loops in the Vk locus have
been proposed as a major mechanism for bringing Vk segments into
proximity with Cer?. Our current findings support a mechanismin
which juxtaposition of Vk segments with the Cer anchor is mediated
by ongoing loop extrusion. During this process CBEs, E2A sites and
transcribed sequences act as dynamic impediments’ to extend the
time for short-range diffusional interactions of Vk segments with the
Igk-RC. Transcription can further increase accessibility of RSSs to RAG?,
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Igk-specific elements promote diffusional joining

To further explore the basis for the differential V(D)) recombination
mechanisms in the /gh versus Igk loci, we generated pre-rearranged
DQ52J,4 (DJ,-WT) and inverted DQ52J,4 (DJ,-inv) v-Abllines in which
WAPL could be depleted (Fig. 3a). In the DJ,-WT v-Abl line, WAPL
depletion activated V,-to-DJ,, joining and RAG scanning across the
Vylocus (Fig. 3c,e, top, g, left). In the WAPL-depleted DJ,,-inv v-Abl
line, V,-to-DJ,, rearrangement was abrogated and RAG scanning was
directed downstream through the /gh locus to the 3’ CBE cluster
(Fig. 3c,e, bottom, g, right). This finding is notable, as it has been
suggested thatinverting the V,locus affects V,-to DJ,, rearrangement
by disrupting convergent V, locus CBE-based structure”. Our findings
from the DJ,,inversion rule out this possibility, as the inversion does
notalter any CBEsin the Ighlocus or elsewhere and leaves the RC D},
inverted inits normal location. Rather, the DJ,,inversion only affects
the direction of RAG chromatin scanning from the RC. For comparison,
we alsoinverted Jk5in the single Jk5 allele line to generate the ‘single
Jk5-inv’line (Fig. 3b). Indeed, the Jx5 inversion redirected RC-bound
RAG to scan Igk chromatin downstream of the RC to the 3’ /gk CBE
(Fig. 3f,h). However, other than reversing the orientation by which
different Vk segments joined to the Jk5, there was little effect on the
utilization of upstream Vk segments across the locus (Fig.3d). In this
regard, as cryptic RSS-based scanning reflects cohesin-mediated
loop extrusion past the RC, rather than movement of the RC itself,
the inverted Jk5 would not alter the position of Jk5-RC-bound RAG
relative to Sis for short-range diffusional capture of bonafide Vk-RSSs
extruded past Cer. These findings from Jk inversion strongly support
the short-range diffusion model for Vk access to the Jk-RC and suggest
that the /gk locus, but not the /gh locus, has elements that promote
this process.

Hybrid loci reveal Igk-specific elements

The next major question was to identify the key elements that enable a
diffusion-based RC access mechanism to robustly function in /jgk and
not in Igh’. To address this question, we performed mix-and-match
experiments between portions of the two loci. To facilitate these experi-
ments, we used a CRISPR-Cas9-mediated chromosomal translocation
targeting approach to generate an /gh-Igk hybrid locus in a single Jk5
allele v-Ablline in which we had already deleted one copy of the entire
Ighlocus (Fig. 4a). In this line (Igh-Igk hybrid line), the targeted bal-
anced translocation fused the entire gk at a point just upstream of the
distal Vk segments to the downstream portion of /gh, starting 85 kb
upstream of IGCR1, on a large der(12;6) fusion chromosome (Fig. 4a
and Extended DataFig. 4a,b). Upon Gl arrest and ectopic RAG expres-
sion, the Igh-Igk hybrid line underwent Vk-to-Jk joining similarly to
its parental line (Extended Data Fig. 4c; compare with Fig. 4e), and the
retained downstream portion of the /gh underwent normal levels and
patterns of D-to-),,joining®’ (Extended Data Fig. 4d). Thus, the V(D))
recombination activities of the /gk-RC and Igh-RC are maintained in
the Igh-Igk hybridline. To further test the [gh-Igk hybrid line, we used
HTGTS-V(D)J-seq to assay for joining of the matched J,;-23RSSs with
Vi-12RSSs across the Vi locus fused upstream of IGCR1. Remarkably,
the ], segments joined to both inversional- and deletional-oriented
Vk segments across the Vk locus, whichisininverted orientation with
respect toJ,;-RSSs (Fig. 4b,c). Although the level of Vk-to-J,, joining
across the Igh—Igk hybrid locus was only 14% that of Vk-to-Jk joining
in the normal /gk locus (Fig. 4b; compare with Fig. 2j total junction
number), this level is far higher than that of residual V;-to-DJ, joining
across an inverted V,, locus in bone marrow pro-B cells’. Notably, this
long-range Vk-to-J,;joining occursin v-Abl cells, which have high levels
of WAPL that essentially abrogate long-range V,,-to-DJ,, joining beyond
low-level joining of the most proximal V, segments’. Finally, the pat-
tern of Vk-to-J,,joining across the inverted Vk locus was quite similar
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Fig.3|Inverting RCRSS orientationreverses RAG scanning direction

and abrogatesIgH, but notIgk, V(D) recombination. a, Diagram of
pre-rearranged DQ52),4 in DJ,-WT (top) and DJ-inv (bottom) WAPL-degron
v-Abllines. b, Diagram of Jk5 in normal (top) and inverted (bottom) orientation
fromthesingleJk5andsingleJk5-inv v-Abllines. ¢, Absolute level of individual
Vyusage from DJ,-WT (top) and DJ;-inv (bottom) lines with WAPL depletion.

d, Absolutelevel of individual Vk usage from the single Jk5 allele (top) and single
Jx5-inv (bottom) lines. e, Absolute level of pooled RAG off-target junctions from
threerepeatsinthe/ghlocusfromDJ,-WT (top) and DJ;-inv (bottom) lines with
WAPL depletion. f, Absolute level of pooled RAG off-target junctions from three
repeatsinthel/gklocus fromthesingleJkS5 (top) and single Jx5-inv (bottom)
lines. RAG off-target junction profiles downstream of the /gklocus from Cer to

to that of Jk joining to an inverted Vk locus, with Vk1-135 dominating
rearrangement (Fig. 4c; compare with Fig. 2j).

For further comparison of Vk-to-J,, rearrangement patterns and lev-
els, we used a CRISPR-Cas9 approach to modify the Igh-I/gk hybrid
locus by first inverting the Vk locus, so that it is in the same relative
orientation toJ,-RSSs as the normal Vk locus is to Jk-RSSs (Extended
Data Fig. 5a). To avoid potential confounding effects of competing
D-to-J, rearrangements, we deleted all D segments upstream of DQ52
andinactivated both DQ52 RSSs by targeted mutation (Extended Data
Fig. 5a), leaving inactivated DQ52 in its normal position to retain its
germline promoter and transcription to contribute to /gh-RC activity®.
This further modified v-Ablline was termed the ‘Igh-Igk hybrid-Vk line’
(Extended Data Fig. 5a). HTGTS-V(D)J-seq analyses of Vk-to-J,, joining
inthe /gh-Igk hybrid-Vk line revealed},;joining to both deletional-and
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the downstream CBE are enlarged on the right. The singleJk5 allele data (d,f, top)
arethesameasthose shownin Fig. 2f,g; but are plotted here as absolute levels
rather than percentages for better alignmentand comparison with results
fromthesingleJk5-invline.g, Percentage of inversional (red) and deletional
(blue) cryptic RSS junctions withinindicated DJ,,upstream (chr.12:114,666,726 -
117,300,000) and downstream (chr.12:114,400,000-114,666,725) region from
the DJ,-WT (left) and DJ,,-inv (right) lines with WAPL depletion. h, Percentage
ofinversional (red) and deletional (blue) cryptic RSS junctions within
indicatedJk5 upstream (chr. 6:67,495,000-70,674,000) and downstream
(chr.6:70,674,001-70,710,000) region from the single Jk5 allele (left) and
singleJk5-inv (right) lines. Data are presented as mean + s.e.m. from 3 (c,g),
7(d, top, h, left) or 4 (d, bottom, h, right) biological repeats.

inversional-oriented Vk segments across the locus, but at approxi-
mately 9% the level of bonafide Vk-to-Jk5joins (Extended Data Fig. 5b-d;
compare with Fig. 4e). Whereas the joining patterns of middle and
distal Vk segments were very similar to those of the normal locus, rela-
tive utilization of the proximal deletional-oriented Vk segments was
increased (Extended DataFig. 5d; compare with Fig. 4e). Theincreased
proximal Vk utilization phenotype could potentially reflect leakiness
of theIGCR1 scanningimpediment, enabling low-level RAG linear scan-
ning to pass into the proximal Vk locus versus the Igh locus in which
IGCR1 is backed up by proximal V,;-associated CBE impediments'®2°,
To test this possibility, we compared Vk rearrangement patterns of the
Igh-Igk hybrid-Vk line to those of single Jk5 lines in which either Cer,
Sisorboth Cerand Siswere deleted (Extended Data Fig. 6). Consistent
with prior analyses'?*°, Cer alone maintained nearly wild-type joining
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Fig.4 |RSSreplacementsinigh-Igkhybridloci demonstrate superior
strength of Igk-RSSs versus Igh-RSSs. a, Strategy for generating a targeted
chromosomal translocation between chr.12and chr. 6 in the single Jk5-single
Ighv-Ablline. Cut1and Cut 2 show the locations of two single guide RNAs
(sgRNAs) used for targeting. b,c, Absolute level (b) and relative percentage (c)
ofindividual Vk-to-J,, joinsin the [gh-Igk hybrid line with],1-4 bait. The patterns
of Vk usage in c and Fig. 2j are highly similar (two-sided Pearson’s r= 0.98,
P=9.6x107"1).d, Absolute level of individual Vk-to-J,,joins in the Igh-Igk
hybrid-Vk-JkRSS line in which J,,1-23RSS was replaced with a Jx5-23RSS, assayed
with],1bait. The patterns of Vk usage ind and Extended Data Fig. 5d are highly
similar (two-sided Pearson’sr=0.89, P=1.6 x 10°°), but total rearrangement

patterns, whereas the absence of both Cer and Sis greatly increased
proximal Vk rearrangements at the expense of distal Vk rearrangements
(Extended DataFig. 6e,f). Cerand Sis deletion also led to extended linear
RAG scanning from the ectopic primary /gk-RC into the proximal Vk
region (Extended DataFig. 6g-j). Notably, the rearrangement patterns
incells with Sisalone in which Cer was deleted were remarkably similar
tothose of the /gh-Igk hybrid-Vk line (compare Extended DataFig. 6a,c).
Together, these results support the notion that relative leakiness of the
IGCR1CBE-based impediment, as compared to Cer-Sis deletion, results
inincreased utilization of proximal Vk segments in the Igh-Igk hybrid-Vk
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levelindis 17-fold higher than thatin Extended Data Fig. 5c (P=0.0007;
unpaired, two-sided Welch'’s t-test). Note that Vk3-7 is highly over-utilized,
perhaps promoted by its closely associated E2A site (Supplementary Data1).
e, Absolutelevel of individual Vk-to-Jk joins in the single Jx5-single Igh line
with kS5 bait. f, Absolute level of individual Vk-to-J, joins in the Igh-Igk hybrid-
Vk-JKRSS-PKO line in which proximal Vk domain was deleted, assayed with
Julbait.g, Absolute level of individual Vk-to-Jk joins in the single Jx5-PKO line
with]Jk5 bait. The patterns of Vk usage in f,g are highly similar (two-sided
Pearson’sr=0.90,P=1.2x107*). Vk utilization data are presented as mean +
s.e.m.from 3 biological repeats.

line. Finally, 3C-HTGTS analyses of the hybrid locus confirmed both the
greater strength of the Cer-Sis anchor compared with IGCR1 and the
relative weakness of Vk locus loop extrusion impediments compared
with those of the V,,locus (Extended Data Fig. 7).

As nearly all Vk segments show low-level rearrangement to J,, seg-
mentsinthe presence of IGCRI, acandidate element that could enhance
diffusional capture by the /gh-RC would be the Vk-associated RSSs;
which could, in theory, mediate this activity by being stronger than
V,;-RSSs. In this regard, proximal V,; RSSs appear very weak in pro-
moting V,-to-DJ, joining in the absence of directly associated CBEs



that increase their interaction with the /gh-RC>. This model leads to
the further hypothesis that a potential limiting factor for the overall
level of Vk-to-J,, joins versus Vk-to-Jk joins, is relative strength of the
Jk-RSSs versus J,;-RSSs. To test this possibility, we further modified
the Igh-Igk hybrid-Vk locus by replacing J,,1-23RSS with Jk5-23RSS to
generate the ‘/gh-Igk hybrid-Vk-JkRSS’ line (Extended Data Fig. 5a), in
which the entire downstream Igh locus including IGCR1, the /gh-RC
and downstream sequences were in the same positionasin the /gh-Igk
hybrid-Vk line. Remarkably, the pattern of Vk-to-J, rearrangements in
the Igh-Igk hybrid-Vk-JkRSS line was very similar to that of the parental
Igh-Igk hybrid-Vk line (Fig. 4d; compare with Extended Data Fig. 5d),
but the absolute level of rearrangements to Vk segments across the
locusincreased approximately 17-fold (compare Fig. 4d with Extended
Data Fig. 5¢) to levels slightly higher than those of Vk-to-Jk joining in
the single Jk5-single Igh line (Fig. 4e). To eliminate the dominance of
Vk3-7 (Fig. 4 caption) and, to a lesser extent, other proximal Vk seg-
ments associated with leaky direct scanning through IGCR1 in the
Igh-Igkhybrid-Vk-JkRSS line, we deleted the most proximal deletional
and inversional Vk segments from this line to generate the ‘Igh-Igk
hybrid-Vk-JkRSS-PKO’ line (Extended Data Fig. 5a). Of note, the pattern
of Vk-to-J,, rearrangements in the /gh-Igk hybrid-Vk-JkRSS-PKO line
was very similar to that in the single Jk5 line with the same proximal
Vk deletion (single Jk5-PKO line; Fig. 4f,g), with the absolute level of
Vk rearrangements across the /gh-Igk hybrid-Vk-JkRSS-PKO locus
approximately twofold higher than that of the single Jx5-PKO line
(Fig. 4f,g). Finally, to further test the relative RSS strength model, we
performed the reciprocal experiment of replacing the Jk5-23RSS with
aJ,1-23RSS in the single Jk5 allele v-Abl line (Extended Data Fig. 5e).
Indeed, theJ,,1-RSS supported only low-level Vk-to-Jk joining (1% the
level supported by the Jk5-RSS) (Extended Data Fig. 5f; compare with
Fig. 4e), but essentially all Vk segments were utilized (Extended Data
Fig.5g). The findings from our hybrid locus experiments demonstrate
that strong Igk-RSSs are the major determinant of why Igk, but not igh,
supports robust diffusion-mediated V(D)) recombination.

Igk-RSSs are much stronger than Igh-RSSs

To directly test relative strength of /gh D-12RSSs versus that of a
Vik-12RSS in the context of short-range diffusional joining to the
Jx5-based RC, we used a CRISPR-Cas9-mediated approach to further
modify the [gh-Igkhybrid locus. Specifically, we generated a deletion
from 5,123 bp upstream of Cer (just downstream of the Vk locus) to a
point453 bp upstream of DFL16.1in the I[gh—-Igk hybrid locus to gener-
ate the ‘Igh-Igk hybrid-D-),; line (Extended Data Fig. 8a). In this line,
the downstream portion of Igkincluding the Jx5-based RC and Cer-Sis
elements were placed just upstream of the DFL16.1, the 12 downstream
Dsegments, and the],;-RC (Extended DataFig. 8a). We first assayed for
D-to-J, rearrangements in the /gh-Igk hybrid-D-J,, line and found the
vast majority to be deletional and mostly utilize DFL16.1 and DQ52
(Extended Data Fig. 8b,c), similar to normal deletional-dominated
patterns (Extended Data Fig. 4d). We also found D-to-Jk5 rearrange-
ments at much lower levels; but, nearly all were inversional to DQ52
and DFL16.1 (Extended DataFig. 8d), consistent with Jk-RC-bound RAG
accessing these D segments by short-range diffusion across Cer-Sis,
whichis dominated by their stronger downstream D-RSSs’. Indeed, for
D-to-J,,joining, the various D downstream RSSs are stronger than their
upstreamRSSs, with the DQ52 downstream RSS being the strongest®. To
develop aline for directly comparing relative ability of a Vi-RSS versus
D-RSSs to mediate D-to-Jk rearrangements, we deleted all J,; segments
fromthe Jgh-Igk hybrid-D-J,, line to generate the ‘Igh-Igk hybrid-D’line
(Fig.5aand Extended Data Fig. 8a). Activation of V(D)] recombination
inthislineresultedin primarily DQ52joining toJk5in which the strong
downstream DQ52-RSS dominated rearrangements that were predomi-
nantly (13-fold) inversional versus deletional (Fig. 5a). Again, the high
level of inversional DQ52-to-Jk5joining is consistent with short-range

diffusional access across Cer-Sis. Remarkably, replacement of the
weaker upstream DQ52-12RSS with the 12RSS of the highly utilized
Vk12-44 inthe Igh-Igk hybrid-D line led to al14-fold increasein the level
ofJk5deletional joining to DQ52 (Fig. 5b; compare with Fig. 5a), alevel
approximately 26-fold greater than that of inversional joining medi-
ated by the downstream DQ52-RSS (Fig. 5b). These results demonstrate
the remarkable functional strength of the Vk-12RSS, compared with
the DQ52 downstream 12RSS and all other /gh D-12RSSs in mediating
diffusion-based D-to-Jk5 rearrangements.

Igk-RSSs programme diffusional joining in Igh

We tested the relative ability of the frequently utilized Vk11-125 RSS
versus that of the upstream DQ52-RSS to mediate joining of proximal
V, segmentsto theinverted DQ52J,4-based RC. For this experiment, we
didnot deplete WAPL to leave IGCR1 CBE impediments fully functional
to enforce short-range diffusion mediated joining of the most proximal
V,segments. With high WAPL levels, distal V,;segments are prevented
frombeing extruded past IGCR1 by many robust CBE impediments asso-
ciated with proximal and middle V,-RSSs®***? (Extended DataFig. 7b).
In the DQ52J,4-inverted line, we found very low levels of inversional
joining to proximal V,5-2 mediated by the inverted upstream DQ52-
12RSS (Fig. 5¢). However, upon replacement of this DQ52-12RSS with
the Vk11-125-12RSS, inversional rearrangements increased approxi-
mately13-fold, predominantly to V,;5-2but at lower levels to additional
proximal V,;segments (Fig. 5d; compare with Fig. 5c). To test the coop-
erative ability of [gk-RSSs to promote inversional rearrangement, we
replaced the V;5-2-23RSS with the Jk1-23RSS in the v-Abl line in which
the DQ52-12RSS was replaced with the Vk11-125-12RSS. Remarkably,
the Jk1-RSS replacement led to a further 35-fold increase in V,,5-2 to
inverted DQ52J,4 joining (Fig. 5e; compare with Fig. 5d). Indeed, the
overallincrease in V,5-2 to inverted DQ52J,4 joining was more than
380-fold (Fig. 5e; compare with Fig. 5¢). This joining level approaches
that of direct deletional V,;5-2-to-DFL16.1) ;4 joining in the absence of
IGCR1>. Together, these findings demonstrate that paired /gk 12 and
23 RSSs programme the /gh to undergo robust V,-to-DJ,, inversional
joining mediated by short-range diffusion.

Relevance of RSS RIC scores to joining mechanism

The theoretical strength of given 12RSSs and 23RSSs, respectively,
has been estimated on the basis of an algorithm that assesses recom-
bination information content (RIC) scores of their sequence® 2,
Previous studies failed to detect strong correlations between RIC
scores of V;-RSSs or, to a lesser extent, Vk-RSSs and their utilization
frequency®¥. Predicted RIC thresholds for 12RSSs and 23RSSs are
-38.81and -58.45, respectively®, with increasing RIC scores proposed
toreflectincreasing RSS strength. Because 12RSS and 23RSS RIC scores
cannot be directly compared®*, we examined Vk-12RSS or V,;-23RSS
RIC scores and corresponding Vk or V,, usage in, respectively, single
JkSallele v-Abl cells to focus on primary Vk rearrangements, or normal
pro-Bcellstofocus onV, rearrangementsin the context of physiological
WAPL down-regulation’. Most highly used Vk-12RSSs in single Jk5 allele
v-Abl cells have RIC scores tightly clustered between -16 and -8, with—8
beingthe highest observed (Fig. 5f); Vk-12RSSs with RICs below —20 are
rarely utilized (Fig. 5f). Similar results were observed insingle Jx1v-Abl
cells (Extended Data Fig. 8e). Approximately 26% of Vk-RSSs with high
RIC scores are rarely utilized. The reason for this is unknown; but one
possibility is that these Vk segments are notin chromatin regions that
promote sufficient accessibility to the RAG-bound RC?**. V,;-23RSSs,
which spanabroaderrange of RIC scores from-57to-16, supportasimi-
larrange of utilization levels, with the exception of proximal V,;5-2 and
V,2-2 that have lower RIC scores but very high utilization (Fig. 5g). But,
robust rearrangement of these two V,, segments is promoted by CBEs
within20 bp of their RSSs, which promotes accessibility by enhancing
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Fig.5|Igk-RSSs enhance diffusional D-to-Jk joining in the Igh-Igk hybrid
locus and activate inversional V,;-to-DJ, joiningin the Ighlocus. a,b, Absolute
level of individual D-to-Jk joins in the /[gh-Igk hybrid-D line (a) and the Igh-Igk
hybrid-D-VkRSS lineinwhich the DQ52 upstream12RSS was replaced witha
Vk12-4412RSS (b), assayed withJkS bait. Deletional DQ52-to-Jk5joininginbis
114-fold higher than thatina (P=0.0008). c-e, Absolute level of individual
inversional V,-to-DJjoinsin the DJ,-invline (c), the DJ,-inv-VkRSS line, inwhich
DQS52 upstream 12RSS was replaced with a Vk11-12512RSS (d) and the DJ;-inv-
VKRSS-JkRSSline, inwhich V;;5-223RSS was replaced with a Jk1-23RSS (e),
assayed with J,,4 bait. Total rearrangementlevel indis 13-fold higher than that
inc(P=0.0153). Inversional V,5-2 usage level in e is 35-fold higher than thatind
(P=0.0005) and 383-fold higher than thatin c (P=0.0007).Ina-e, red arrows
show inversional joins and blue arrows show deletional joins. Corresponding

V,-RSS contact with the RC during RAG scanning®. Indeed, inactiva-
tion of these RSS-associated CBEs reduces utilization to near baseline,
consistent with RSSs themselves being very weak®. Likewise, adding an
associated CBE to the barely utilized, low RIC score proximal V,;5-1RSS
makes it the most highly utilized®. Transcriptional impediments are
likely to function similarly for more distal V,-RSSs*7; although more
distal V;-RSSs also have higher RIC scores (Fig. 5g). Notably, 28 of the
most proximal V; segments have CBEs within 20 bp of their RSSs; but,
none of the 103 Vk segments are associated with such proximal CBEs™.
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junctions.f, Comparison of relative Vk usage in the single Jk5 allele v-Abl cells
with Vk-RSS RIC scores calculated using the Recombination Signal Sequences
Site** (http://www.itb.cnr.it/rss). Vk segments are colour-coded according to
the three Vk domains with names indicated for highly used Vk segments.

g, Comparisonofrelative V, usage in primary pro-B cells’ with V,;-RSSRIC scores.
V,segments are colour-coded according to the four V,,domains, and square
black outlinesindicate V,segments with CBEs within 20 bp of their RSSs. The
circled V,;5-1,V,5-2and V,;2-2 have been shown to depend on associated CBEs
forrobust utilization®. D and V,, utilization data are presented as mean +s.e.m.
from4 (a,d), 6 (b) and 3 (c,e) biological repeats. Pvalues were calculated with
unpaired, two-sided Welch'’s t-test.

Discussion

The molecular basis by which gk, but not /gh, is able to utlilize a
diffusion-based mechanism to promote both deletional and inver-
sional joining was a long-standing mystery. Our studies reveal that
Igk and Igh evolved RSSs with distinctly different strength to carry
out their distinct mechanisms of long-range V(D)) recombination.
Until now, RSSs were not known to function in the broad context of
mediating distinct V(D)J recombination mechanisms between loci.


http://www.itb.cnr.it/rss

Long ago, we found that differential RSS strength mediates ordered
DB-to-JB and VB-to D) joining by a “beyond 12/23” mechanism®*;
and, more recently, weaker V[3-RSSs were implicated in facilitating
allelic exclusion of VB-to-DJ joining*°. lgh DQ52 evolved a relatively
strong downstream RSS to enforce deletional joining to closely linked
J.-RSSs viashort-range diffusion; correspondingly, wheninverted the
strong downstream DQ52-RSS mediates robust inversional joining®.
Yet, insertion of an inverted DQ52 in an upstream position beyond
diffusion range led the weaker upstream DQ52-RSS—now facing down-
stream—to dominantly generate deletional rearrangements to J,, via
linear RAG scanning’. The relative strength of [gk-RSSsis underscored
by our finding that a Vk-12RSS is orders of magnitude stronger than
the downstream DQ52-12RSS in mediating diffusional joining in the
context of the Cer-Sis impediment. Similarly, whereas /gh IGCR1 is
weaker inimpeding RAG scanning than Cer-Sis, in the [gh-Igk hybrid-Vk
locus, it supports substantial diffusional Vk capture and joining by RAG
bound to a downstream /gh-RC in which theJ,-RSS is replaced with a
Jk-RSS. Moreover, robust diffusional joining of V,to aninverted DJ,,-RC
occursonlywhenV,-RSSand DJ;-RSS are replaced with 12/23-matched
Igk-RSSs. Whereas single Vk- or Jk-RSSs increase diffusion-mediated
joining in the above contexts, highly robust joining occurs only with
12/23 matched /gk-RSSs, either through multiplicative effects and/or
by more robust pairing. In summary, our findings indicate that the
Igk evolved both arobust Cer diffusion platform and strong RSSs that
function robustly in the context of more transient RC interactions
that likely occur during diffusion-mediated primary Vk-to-Jk joining
(Extended Data Fig. 9). By contrast, weak Igh-RSSs and a less robust
IGCR1impediment probably evolved to facilitate mediation of V,, utili-
zation by WAPL down-regulated modulation of scanning impediments
during long-range linear RAG scanning. Finally, our studies suggest the
testable hypothesis that /gk secondary rearrangements with Cer-Sis
deleted or displaced occur by linear RAG scanning.
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Methods

Experimental procedures

Statistical methods were not used to predetermine sample size. Experi-
ments were notrandomized. Investigators were not blinded to alloca-
tion during experiments and outcome assessment.

Mice

Wild-type 129SV mice were purchased from Taconic Biosciences. All
mouse work was performed in compliance with all the relevant ethi-
calregulations established by the Institutional Animal Care and Use
Committee (IACUC) of Boston Children’s Hospital and under protocols
approved by the IACUC of Boston Children’s Hospital. Mice were main-
tained on a 14-h light/10-h dark schedule in a temperature (22 + 3 °C)
and humidity (35% ~ 70% + 5%)-controlled environment, with food and
water provided ad libitum. Male and female mice were used equally
for all experiments.

Generation and characterization of the entire Vi locus inversion
mouse model

The CRISPR-Cas9-mediated entire Vk locus inversion modifications
were made on one /gk allele in the TC1 embryonic stem (ES) cell line.
Targeting of the ES cells was performed using sgRNA1 and sgRNA2
as previously described*. Positive clones with 3.1 Mb Vk locus inver-
sion were identified by PCR and confirmed by Sanger sequencing.
After testing negative for mycoplasma, the ES clone with Vk inver-
sion was injected into RAG2-deficient blastocysts to generate chi-
meras*’. The chimeric mice were bred with wild-type 129SV mice
for germline transmission of the targeted inversion, and bred to
homozygosity. Sequences of all sgRNAs and oligonucleotides men-
tioned in this section and sections below are listed in Supplementary
Tablel.

Generation of V,,7-3Igh pre-rearranged; Rag2”’~ mouse model
The heterozygous or homozygous V,,7-3 Igh pre-rearranged mice
(V,,7-3“"¢or V,,7-3"") were generated through induced pluripotent stem
(iPS) cellsand maintainedin the Alt laboratory. To perform 3C-HTGTS
experiments with RAG2-deficient background, V,,7-3““or V,,7-3**mice
were crossed with Rag2™”~ mice to obtain V,,7-3“"¢: Rag2™" or V,,7-37;
Rag2”~ mice on the 129SV background.

Purification of bone marrow precursor B cells
For RAG on-target and off-target analysis, single cell suspensions
were derived from bone marrows of 4- to 6-week-old male and female
wild-type and /gk Vk locus inversion 129SV mice and incubated in
Red Blood Cell Lysing Buffer (Sigma-Aldrich, R7757) to deplete the
erythrocytes. B220*CD43""IgM" pre-B cells were isolated by stain-
ing with anti-B220-APC (1:1,000 dilution; eBioscience, 17-0452-83),
anti-CD43-PE (1:400 dilution; BD Biosciences, 553271) and anti-lgM-
FITC (1:500 dilution; eBioscience, 11-5790-81) and purifying via
fluorescence-activated cell sorting (FACS), and the purified primary
pre-B cells were directly used for HTGTS-V(D)J-seq as described?*,
For3C-HTGTS experiments, B220-positive primary pre-B cellswere
purified via anti-B220 MicroBeads (Miltenyi, 130-049-501) from 4- to
6-week-old male and female V,,7-3°/¢: Rag2™"~ or V,,7-3"; Rag2™"~ mice.
Purified pre-B cells from 3 or 4 mice were pooled together for each
3C-HTGTS experiment. Each mouse was double-checked and confirmed
by PCR and Sanger sequencing prior to various assays.

Generation of single Jk5 v-Abl cell line and its derivatives

The construction of sgRNA-Cas9 plasmids and methods for
nucleofection-mediated targeting experiments described for this
sectionand all subsequent paragraphs describing v-Ablline modifica-
tions were performed as previously described’. All v-Abl cell lines have
not been tested for mycoplasma contamination.

The initial ‘parental’ Rag2™";Eu-Bcl2" v-Abl cell line in the 129SV
background was generated previously®. Random 1-4 bp indels
(barcodes) wereintroduced into asite -85 bp downstream of the Jk5-RSS
heptamer and ~40 bp upstream of the Jk5 bait primer on both alleles
in this parental line, similarly to the approach previously described
to modify J,,4°. The resulting ‘Jk5-barcoded’ v-Abl line was further tar-
geted with sgRNA1 and sgRNA2 to invert the whole Vk locus on one
allele and leaving the other allele intact. Thus, the Igk allele-specific
barcode permits the separation of sequencing reads derived fromthe
wild-type allele and the Vk inverted allele assayed with the same bait
primer under the same cellular context. This barcoded line was used
togenerate the datain Fig.1b,e.

Tofacilitate further modifications on the [gklocus, the Jx5-barcoded
v-Ablline was targeted with sgRNAland sgRNA3 that deleted the entire
Igklocusononeallele and left the other alleleintact. The barcode was
not relevant to further studies based on this single Igk allele line or its
derivatives. The single /gk allele line was further targeted by another
two pairs of sgRNAs to separately delete Jk1to]Jk4 (sgRNA4 and sgRNAS5)
and downstream /gk-RS (sgRNA6 and sgRNA7) to exclude confounding
secondary rearrangements and keep the configuration unchanged
between]Jk5andiEk. Thislineis referred to as the ‘singleJk5allele line’.

ThessingleJk5 allele line was further modified by specifically designed
Cas9-sgRNA to generate the single Jk5-Vk inv line (sgRNAS8 and
sgRNA9), single Jk5-inv line (sgRNA10 and sgRNAL11), single Jx5-single
Igh line (sgRNA12 and sgRNA13), single Jk5-PKO line (sgRNA2 and
sgRNA14), single Jx5-Cer knockout (KO) line (sgRNA15 and sgRNA16),
singleJk5-Sis KO line (sgRNA17 and sgRNA18), and single Jk5-CerSis KO
line (sgRNA15 and sgRNA18).

The single Jx1 allele v-Abl line was generated from the single /gk
alleleline by separately deletingJk2 toJk5 (sgRNA10 and sgRNA19) and
deleting downstream Igk-RS (sgRNA6 and sgRNA7?).

All candidate clones with desired gene modifications were screened
by PCR and confirmed by Sanger sequencing.

Generation and analysis of DJ,, pre-rearranged WAPL-degron
v-Ablcelllines

TheDJ,,pre-rearranged v-Abllinesin C57BL/6 background were derived
fromthe previously described WAPL-degron v-Ablline’. The open read-
ing frame sequences of Ragl and Rag2 were cloned into pMAX-GFP
vector (Addgene, 177825) following the standard protocol to gener-
ate pMAX-Ragl and pMAX-Rag2 plasmids. These two plasmids (each
2.5 ug) were nucleofectedinto 2.0 x 10° WAPL-degron v-Abl cells to allow
endogenous D-to-J,,rearrangements mediated by transient RAG expres-
sion. Cellsharbouring the desired DQ52),,4 rearrangement (DJ,;-WT line)
were subsequently identified by PCR screening and verified by Sanger
sequencing. The DJ,;-inv v-Ablline was generated from the DJ,-WT line
by using Cas9-sgRNA to target sequences downstream of J,4 and
upstream of DQ52 (sgRNA20 and sgRNA21). The DJ,-WT and DJ,-inv
lines were treated with IAA and Dox to deplete WAPL as described’.

Generation of Igh-Igk hybrid v-Abl cell line and its derivatives

Thelgh-Igk hybrid v-Abl cell line was derived from the single Jk5 allele
v-Ablline. In brief, the single Jx5 allele line was targeted by sgRNA12
and sgRNA13 to generate the single Jk5-single /gh line where the entire
Ighlocus was deleted from one allele. The single Jk5-single /gh line was
thentargeted by sgRNA22 (cut 1, upstream of IGCR1in /gh) and sgRNA8
(cut2, upstream of Vk2-137 in /gk) to generate a balanced chromosomal
translocation between chromosomes12 and 6. In the resulting Igh-Igk
hybrid v-Ablline, the entire /gklocus along with the rest of chromosome
6 was appended onto chromosome 12 at a point upstream of IGCR1in
Igh,and the [gh V,locus along with the small telomeric portion of chro-
mosome 12 was reciprocally appended onto chromosome 6. To gener-
ate thelgh-Igkhybrid-Vkline, the [gh-Igk hybrid line was sequentially
modified toinvert the entire Vk locus (sgRNA15 and sgRNA23), mutate
DQ52RSSs (sgRNA24 and ssODNI1) and delete allupstream D segments



(sgRNA25 and sgRNA26). To generate the [gh-Igk hybrid-Vk-JKRSS-PKO
line from the Igh-Igk hybrid-Vi-JkRSS line, sgRNA2 and sgRNA14 were
used to delete the proximal Vk domain.

To generate the I[gh-Igk hybrid-D-J, line, the [gh-Igk hybrid line was
targeted by sgRNA27 and sgRNA28 to delete IGCR1 and the entire Vk
locus. The Igh-Igk hybrid-D-J, line was further modified to generate
the Igh-Igk hybrid-D line where J,,1-4 has been deleted (sgRNA29 and
sgRNA30).

All candidate clones with desired gene modifications were screened
by PCR and confirmed by Sanger sequencing. See Fig.4aand Extended
Data Figs. 5a and 8a for detailed strategy and procedure.

Whole-chromosome painting

Whole-chromosome painting was performed on single Jk5-single
Ighv-Ablline and Igh-Igk hybrid v-Abl line using fluorescent probes
tiling the entire chromosome 6 (Chr6-FITC, Applied Spectral Imaging)
and chromosome 12 (Chr12-TxRed, Applied Spectral Imaging) accord-
ing to standard protocol. In brief, cells were treated with colcemid at
0.05 pg ml™ final concentration for 3 h before being processed for
metaphase drop. The slides were dehydrated in ethanol series, dena-
turedat 70 °Cfor 1.5 min, and hybridized to denatured probe mixture
at 37 °Cfor 12-16 h. The slides were then washed, stained with DAPI,
and imaged with Olympus BX61 microscope. Image]J (1.53q) was used
forimage processing.

RSS replacement experiments

AIIRSS replacement modifications were generated via Cas9-sgRNA
using short single-stranded DNA oligonucleotide (ssODN) as donor
template. In brief, 2.5 pg Cas9-sgRNA plasmid and 5 pl 10 uM ssODN
were co-transfected into 2.0 x 10° v-Abl cells. PCR screening was per-
formed sequentially on pooled clones and then single clones, and sub-
sequently verified by Sanger sequencing. Specifically, sgRNA31 and
ssODN2 were used toreplace],,1-RSS with Jk5-RSS in [gh—-Igk hybrid-Vk
v-Ablline to generate the /gh-Igk hybrid-Vk-JkRSS line; sgRNA32 and
ssODN3 were used to replace Jk5-RSS with J,,1-RSS in single Jk5-single
Igh line to generate the single Jk5-single /gh-J,,RSS line; sgRNA33 and
ssODN4 were used to replace DQ52 upstream RSS with Vk12-44-RSS
in Igh-Igk hybrid-D line to generate the [gh-Igk hybrid-D-VkRSS line;
sgRNA34 and ssODNS5 were used to replace DQ52 upstream RSS
with Vk11-125-RSS in DJ;-inv line to generate the DJ,,-inv-VKRSS line;
sgRNA35 and ssODN6 were used to replace V,,5-2-RSS with Jk1-RSS in
DJ,-inv-VKRSS line to generate the DJ,,-inv-VKRSS-JKRSS line.

RAG complementation

RAG was reconstituted in RAG1-deficient v-Abl cells via retroviral
infection with the pMSCV-RAGI1-IRES-Bsr and pMSCV-Flag-RAG2-GFP
vectors followed by 3-4 days of blasticidin (Sigma-Aldrich, 15205)
selection to enrich for cells with virus integration’. RAG2 was recon-
stituted in RAG2-deficient v-Abl cells via retroviral infection with the
pMSCV-Flag-RAG2-GFP vector followed by two days of puromycin (Ther-
moFisher,]67236) selection to enrich for cells with virus integration®.

HTGTS-V(D)J-seq and data analyses

HTGTS-V(D))-seq libraries were prepared as previously described®”?*?
with 0.5-2 pg of genomic DNA (gDNA) from sorted primary pre-B cells
or10 pg of gDNA from Gl1-arrested RAG-complemented RAG-deficient
v-Ablcells. Thefinal libraries were sequenced on Illumina NextSeq550
with control software (2.2.0) or NextSeq2000 with control software
(1.5.0.42699) using paired-end 150-bp sequencing kit. HTGTS-V(D)
J-seqlibraries were processed via the pipeline described previously*.
For Igh rearrangement analysis in DJ,,-WT and DJ,-inv WAPL-degron
v-Abllines, the datawerealigned tothemm9_DQ52),,4 genome and ana-
lysed with all duplicate junctionsincludedin the analyses as previously
described®. For analysis in DJ,-inv-VKRSS and DJ,;-inv-VKRSS-JKRSS
v-Abl lines, the data were aligned to the mm9_DQ52J,,4_VkKRSS

genome. For all other rearrangement analysis, primary pre-B cells
and v-Abl cells used are from 129SV background. Since there is almost
no difference in the /gk locus between C57BL/6 and 129SV genomic
backgrounds**, the data were aligned to the AJ851868/mm?9 hybrid
(mm9AJ) genome® except: data from Igh—Igk hybrid-Vk-JkRSS and
Igh-Igk hybrid-Vk-JkRSS-PKO v-Abllines were aligned to the mm9AJ_
J.1toJkSRSS genome, data from single Jk5-single Igh-J,RSS v-Abl line
were aligned to the mm9AJ_Jk5toJ,1RSS genome, and data from Igh-Igk
hybrid-D-VkRSS v-Ablline were aligned to the mm9AJ_DQ52uptoVkRSS
genome. To show the absolute level of V(D)J recombination, each
HTGTS-V(D)J-seq library was down-sampled to 500,000 total reads
(junctions + germline reads); to show the relative Vk usage pattern
across the Vk locus, individual Vk usage levels were divided by the
total Vk usage level in each HTGTS-V(D)J-seq library to obtain the
relative percentage. Such analyses are useful for examining effects of
potential regulatory element mutations. For example, differencesin
absolute rearrangement levels between two samples with the same
relative rearrangement patterns would reflect differences in RAG or
RC activity without changes inlong-range regulatory mechanisms’?,

RAG off-targets were extracted from corresponding normalized
HTGTS-V(D)J-seq libraries by removing on-target junctions on bonafide
RSSs. We noticed the remainingjunctionsinthe /gklocus were skewed to
afewvery strong RSSsites, which represent unannotated bona fide RSSs
notassociated with functional Vk segments. We eliminated these strong
RSSs fromour cryptic RSS analyses by filtering out RSS sites witha CAC
and additional at least 9 bp matches to the remaining ideal heptamer
AGTG and ideal nonamer ACAAAAACC in the context of a 12-or-23-bp
spacer—that is, at most 4-bp mismatches to the ideal RSS site. In addi-
tion, because codingendjunctions are processed and can spread across
several bps beyond the CAC cleavage site*, the new code has the advan-
tage of collapsing these coding end junctional signals within 15 bp into
one peak mapped to the CAC cleavage site for better visualization of
off-target codingjunction peaks. For visualization of the actual distribu-
tion of coding end junctions, one canreveal them through analysis with
our prior pipeline. Details of both pipelines used are provided in Code
availability.Junctions are denoted as deletional if the prey cryptic RSSis
inconvergent orientation withthe baitRSSand asinversional if the prey
cryptic RSSis in the same orientation with the bait RSS.

3C-HTGTS and data analyses
3C-HTGTS was performed as previously described® on Gl-arrested
RAG2-deficient v-Abl cells*> 7%, Reference genomes were the same
asused in HTGTS-V(D)J-seq data analyses described above. To bet-
ter normalize 3C-HTGTS libraries and reduce the impact of the level
of self-ligation (circularization), the high peaks upstream of the bait
site were filtered out, following the same rationale as described for
4C-seq®. For iEk-baited 3C-HTGTS libraries, we removed bait site
peaksinthe chr. 6:70,675,300-70,675,450 region; For Cer CBE1-baited
3C-HTGTS libraries, we removed bait site peaks in chr. 6:70,659,550~
70,659,700 region; For Sis CBE2-baited 3C-HTGTS libraries, we removed
bait site peaks in chr. 6:70,664,600-70,664,800 region; For IGCR1
CBE1-baited 3C-HTGTS libraries, we removed bait site peaks in the
chr12:114,740,239-114,740,353 region. Then, only the junctions inside
of agenomic region (chr. 6:64,515,000-73,877,000 for the entire Igk
locus; chr.12:111,453,935-120,640,000 for the entire /gh locus; chr.
6:64,515,000-70,658,827 and chr. 12:111,453,935-114,824,843 for the
Igh-Igkhybrid-Vk locus) encompassing the entireIg locus were retained
(seedetailsin Code availability). After processing as described above,
theretained junctions of the 3C-HTGTS libraries were further normal-
ized to 50,827 total number of junctions, which is the junction num-
ber recovered from the smallest library in the set of libraries being
compared. The sequences of primers used for generating 3C-HTGTS
libraries are listed in Supplementary Table 1.

Unlike ChIP-seq, thejunctions of 3C-HTGTS data are discontinuously
distributed on the genome, but mainly on the enzyme cutting sites
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(CATGby Nlalll). To call peaks for 3C-HTGTS data, we first collapsed the
junctionsignals to nearby enzyme cutting sites, and discarded signals far
away (>10 bp) from enzyme cutting sites. Then, we only focused on the
cutting sites with signals, calculated the median with a moving window
of101 cutting sites (one centre, 50 left, and 50 right sites). We did a Pois-
sontestforeachsite, with the median asa conservative over-estimation
of the lambda parameter of Poisson distribution. Based on the raw
P values from the Poisson test, we calculated Bonferroni-adjusted
Pvalues, called peak summits at the sites with adjusted Pvalue < 0.05,
and determined therange of peak region by progressively extending the
two sides to the sites that have local maximum raw Pvalue and also the
raw Pvalues > 0.05. Nearby overlapping peak regions were merged as
one peak region, and only the ‘best’ (defined by lowest Pvalue) summit
was kept after merging. Finally, for each group of multiple repeats, we
merged the overlapping peak regions fromall repeats, and counted the
number of supporting repeats for each merged peak region. We defined
and only kept the ‘robust’ peak regions that were supported by >50% of
the repeats (that is, > 2 supporting repeats among 2 or 3 repeats, or >
3 supporting repeats among 4 or 5 repeats), and the ‘best’ (defined by
lowest Pvalue) summit information was reported.

We further annotated and quantified the features underlying each
of the robust 3C-HTGTS peak region +1 kb. We focused on CBEs,
E2A-bindingsites, and transcription. For CBEs, we first scanned the pos-
sible CBEs by MEME-FIMO using the CTCF motifrecord (MA0139.1) in
JASPAR 2018 core vertebrate database. We applied MACS2 to call peaks
inthe three repeats of published CTCF ChIP-seq datain parental v-Abl
line®, and only kept ‘reliable’ CBEs with motif' score >13 and overlapping
with peaks called in>2 repeats. We counted the number of reliable CBEs
within each of the robust 3C-HTGTS peak region +1 kb, and defined
them as having an underlying CBE if the number > 1. For E2A-binding
sites, we applied MACS2 to get the signal bigwig file from the published
E2A ChIP-seq data*®, and then annotated the maximum E2A ChIP-seq
signal value withineach of the robust 3C-HTGTS peak region +1 kb. We
defined peaks having underlying E2A site if the maximum signal > 0.5.
For transcription, we annotated the maximum and the average signal
of the three repeats of published GRO-seq data in parental v-Ablline®,
and defined a peak as having transcription if the maximum signal 240
ortheaverage signal 210 in >2 repeats. See detailsin Code availability.

Quantification and statistical analysis

Graphs were generated using GraphPad Prism 10, Origin 2023band R
version 3.6.3. After normalizationin each sample, 3C-HTGTS, ChIP-seq
and GRO-seq signals of multiple repeats were merged as mean * s.e.m.
of the maximum value in each repeat in each bin, after dividing the
plotting region into 1,000 bins (Fig. 2m and Extended Data Fig. 2) or
200 bins (Supplementary Data 1). Unpaired, two-sided Welch’s ¢-test
was used to compare total rearrangement levels between indicated
samples, with Pvalues presented in relevant figure legends. Pearson
correlation coefficient (r) and the corresponding P value were calcu-
lated to determine the similarity in Vk usage pattern between indicated
samples after calculating the average usage among repeats, and are
presented inrelevant figure legends.

Availability of materials
All plasmids, cell lines and mouse lines generated in this study are avail-
able from the authors upon request.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

High-throughput sequencing data reported in this study have been
deposited in the Gene Expression Omnibus (GEO) database under

the accession number GSE263124, with subseries GSE254039 for
HTGTS-V(D)J-seqdataand GSE263123 for 3C-HTGTS data. The consen-
sus CTCF-binding motif was extracted fromJASPAR 2018 core vertebrate
database (http://jaspar2018.genereg.net/matrix/MA0139.1). Source
data are provided with this paper.

Code availability

HTGTS-V(D)J-seq and 3C-HTGTS data were processed through pub-
lished pipelines as previously described®. Specifically, the pipelines
analysing HTGTS data are available at http://robinmeyers.github.io/
transloc_pipeline/. Newly developed pipelines for off-targets filter-
ing on cryptic RSS and 3C-HTGTS normalization and peak calling are
available at https://github.com/Yyx2626/HTGTS _related.
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Extended DataFig.2|See next page for caption.



Extended DataFig.2 | Cerinteracts with variousloop extrusionimpediments
across the Vklocus but not substantially with sequences downstream of
Sis.Related toFig.2.a,3C-HTGTS profilesinthe /gk downstreamregion from
Certothe downstream Rpia gene from RAG-deficient v-Abl cells, baiting from
iEk (red), Sis CBE2 (green) and Cer CBE1 (blue) and from RAG-deficient primary
pre-Bcells baiting from Cer CBE1 (pink). Black asterisks indicate the location
ofbaits.b,3C-HTGTS interaction profiles across the Vk locus when baiting
from Cer CBE1in RAG-deficient primary pre-B (pink) and v-Abl (blue) cells.
Cerinteraction peaks and their underlying featuresinthe Vk locus are shown.
Atotal of 110 peaks were called to be significantly above background in either

primary pre-B cells or v-Abl cells. Peaks are indicated with black lines and
numbered accordingto their locations from distal to proximal. For each peak,
underlying features within t1kb areindicated, including rightward CBE (“C”in
red), leftward CBE (“C” inblue), E2A-binding sequence (“E”) and transcription
(“T”). Peaks without any obvious underlying features are labeled as unknown
(“U”). CBEannotation and transcription were determined based on published
CTCF ChIP-seqand GRO-seq datain RAG-deficient v-Abl cells®. E2A binding was
determined based on published E2A ChIP-seq datain RAG-deficient primary
pro-B cells*. See Methods for more details. 3C-HTGTS dataare presented as
mean value from2biological repeats.
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Extended DataFig. 5| Genetic modifications in the Igh-Igxhybrid lineand
singleJkS5 alleleline. Related to Fig. 4. a, Diagram of the strategy for various
genetic modificationsinthe/gh-Igk hybrid v-Ablline. In brief: (i) Diagram of the
Igh-Igk hybrid line. (ii) Diagram of the Igh-Igk hybrid-Vk line which was generated
fromthe Igh-Igk hybrid line by inverting the whole Vk locus, mutating both
RSSs of DQ52,and deleting allupstream Ds, asillustrated in the diagrams just
above. (iii) Diagram of the /gh-Igk hybrid-Vk-JkRSS line which was generated
fromthe Igh-Igk hybrid-Vk line by replacing theJ,,1-223RSS with a Jx5-23RSS.

(iv) Diagram of the Igh-Igk hybrid-Vi-JkRSS-PKO line which was generated

from the Igh-Igk hybrid-Vk-JKRSS line by deleting the proximal Vk domain.

See Methods for more details. b, Diagram of Igh-Igk hybrid-Vk line, as shownin
a(ii). ¢, Absolutelevel, and d, relative percentage of individual Vk-to-J,,joins in
Igh-Igk hybrid-Vk line with 1 bait. The patterns of distal and middle Vk usage in
the Igh-Igk hybrid-Vkline (d) and the single Jx5-single Igh line (Fig. 4e) are similar
(Two-sided Pearson’sr=0.70, P=2.2e-21). e, lllustration of single Jx5-single Igh-
JuRSSline, inwhichJk5-23RSS was replaced with J,,1-23RSS. f, Absolute level,
and g, relative percentage of individual Vk-to-Jk joins in single Jk5-single Igh-
JuRSSlinewith Jk5 bait. Total rearrangement level in fis 100-fold lower than
thatinFig.4e (P=0.0006; unpaired, two-sided Welch t-test). Vk usage dataare
presented asmean+s.e.m.from 3 biological repeats.
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Extended DataFig. 6 |See next page for caption.
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Extended DataFig. 6 | IGCR1is aweaker anchor than Cer-Sisin preventing
over-utilization of proximal deletional Vks. Related to Fig. 4. a-f, Relative
utilization percentage of individual Vksin Igh-Igk hybrid-Vk line (a), Igh-Igk
hybrid-Vk-JkRSS line (b), single Jk5-Cer KO line (c), single JkS allele line (d), single
Jx5-SisKOline (e), single Jx5-CerSis KO line (f) analyzed with indicated baits. Bar
graphintheinset of each panelshows the percentage of distal (blue), middle
(gray) and proximal (orange) Vk domain usage from the corresponding line.

g, Percentage of pooled RAG off-target junctionsin /gx locus from single Jk5
alleleline. Right panel:zoom-into the region between CerandJk, highlighted
inyellow. h, Percentage of inversional (red) and deletional (blue) cryptic RSS
junctions fromsingle Jk5 allele line within indicated regions as in Fig. 2d.

i-j, RAG off-target profilesin single Jk5-CerSis KO line presented asin g-h.
Agroup of aberrant pseudo-normal coding-end junctions*® to sequences near
the Igk downstream CBE were excluded®*. The patterns of Vk usageina,band ¢
are highly similar (aand ¢, Two-sided Pearson’sr=0.91, P=1.5e-63; band ¢, Two-
sided Pearson’sr=0.97,P=1.0e-99). The datashowninaand d are thesameaas
thatshownin Extended DataFig. 5d and Fig. 2f, the datashowningandhare
thesameasthatshowninFig.2gand h, respectively, plotted here for better
alignment and comparison with other results. Vk utilization and cryptic RSS
dataare presentedasmeanzts.e.m.from3(a,b,e), 4 (c), 7 (d,h) or 6 (f,j) biological
repeats.
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Extended DataFig.7|Interactions of IGCR1or Cer-Siswith V,,or Vklocus
inv-Ablcells.Related toFig.4 and Extended DataFig. 3. a, Upper panel:
3C-HTGTS profilesin the Vk locus from single Jx5-single /gh v-Ablline baiting
from Cer CBE1. Lower panel: 3C-HTGTS profilesin the Vk locus from Igh-Igk
hybrid-Vk v-Ablline baiting from IGCR1CBE1. b, 3C-HTGTS profilesinthe V,
locus fromsingle Jk5-single /gh line baiting from IGCR1CBE1. CBE sites are shown
inaand bwith orientations labeled as in Extended Data Fig.3a.3C-HTGTS data
arepresented as mean +s.e.m.from 3 biological repeats (a) or as mean value
from2biological repeats (b). ¢, Schematic loop domainillustrations of Igk, Igh,
and /gh-Igk hybrid-Vk locibased on3C-HTGTS datashowninaandb. (i) In/gk
locus, the strong anchoring activity of Cer-Sis, coupled with relatively weak
impedimentsinthe Vi locus, allows loop extrusion anchored at Certo extend

across the distal, middle and proximal Vk domains, as shownina, upper panel.
(ii) In Igh-Igk hybrid-Vk locus, loop extrusion anchored at IGCR1 can extend a
considerable distance into proximal and middle Vk domains with weak Vk locus
impediments, but does not extend as far as thatin (i), because IGCR1is aless
stableanchor than Cer-Sisand more likely to be disassembled before loop
extrusion hasachanceto proceedintothe distal Vklocus, asshownina, lower
panel. (iii) In /ghlocus without WAPL down-regulation, strong V,, locus
impediments only allow loop extrusion to bring the most proximal V,,region
toIGCR1, whileupstream interactions are completely blocked by the “wall” of
proximal V, CBEs, asshown inb. Elements and proteinsillustrated are indicated
inthebox.
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Extended DataFig. 8| Genetic modificationsin the Igh-Igk hybrid-D line,
and correlation of Vk usage with RIC score. Related to Fig. 5. a, Diagram of
the strategy for various genetic modifications in the /gh-Igk hybrid-D v-Ablline.
(i) Diagram of the Igh-Igk hybrid line. (ii) Diagram of the Igh-Igk hybrid-D-J,, line
which was generated from the Igh-Igk hybrid line by deleting all Vks and IGCR1.
(i) Diagram of the Igh-Igx hybrid-D line which was generated from the Igh-Igk
hybrid-D-J, line by deleting],,1-4. (iv) Diagram of the Igh-Igk hybrid-D-VKRSS
linewhichwas generated from the /gh-Igk hybrid-D line by replacing the DQ52

upstream 12RSS with aVk12-44 12RSS. See Methods for details. b, Diagram of
the Igh-Igk hybrid-D-J, line asillustrated in a(ii). ¢, Absolute level of D-to-J,,joins
baiting from},,1-4 in the Igh-Igk hybrid-D-J,; line.d, Absolute level of D-to-Jk joins
baiting fromJk5in the Igh-igk hybrid-D-J,, line. D utilization data are presented
asmeants.e.m.from3biological repeats. e, Comparison of relative Vk usagein
singleJk1allele v-Abl cells with Vk-RSSRIC scores. Vks are color-coded according
to the three Vk domains with names indicated for highly used Vks.
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Extended DataFig. 9| Working model for short-range diffusion-mediated
primary Igx V(D)) recombination. a, Diagram of /gk (not to scale). Elements
and proteinsillustrated are indicated in the box. b, Working model. (i) Loop
extrusion of downstream chromatin through a cohesinringimpededinthe
upstream directionat Sisjuxtaposes the RC,adownstreamimpediment, to Sis.
Simultaneously, loop extrusion of upstream chromatin through acohesinring
impededinthe downstream direction at Cerbrings the Vk locus past Cer.

(ii) During extrusion past Cer, relatively weak extrusion impediments, including
CBEsand E2Asites (illustrated) across the Vk locus dynamically impede extrusion
at Cer, providing more opportunity for Vk-RSSs to remainin short-range
diffusion distance for interactions with RC-bound RAG. (iii) Binding of paired
strong Vk-RSSsto the RAG-1active site across from strongJk-RSSs promote
robust cleavage and/or joining. (iv-vi) Only a fraction of Vk-RSSs brought into
diffusion range pair withJk-RSSs, allowing extrusion to continue upstream

whereimpediments slow down extrusion past Cer, providing opportunity
foradditional Vk-RSSsto interact with RC-bound RAG. These panels diagram
useof inversional-oriented Vks, which caninteract by the same short-range
diffusion process outlined for deletional Vks. The diagram is simplified to
provide ageneral overview of the proposed mechanism, for which details await
highresolutionstudies. Due torelatively weak gk impediments, thismodelis
compatible with cohesinloading across the Vk locus?. Also, RAG is likely not
continuously bound to the RC*7, allowing extrusion to continue past Cer. These
latter features could allow active RAG-bound RCs toinitiate the process at
different points across the Vk locus to optimize diverse Vk utiliation*”. Human
Igk, whichundergoes deletional and inversional joining, has Cer-Sis-like
elementsin the Vk-Jk interval'**>*° and high Vk-RSS RIC scores?, consistent
withemploying asimilar primary rearrangement mechanism to mouse /gk.
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Validation anti-B220-APC (eBioscience, #17-0452-83), anti-CD43-PE (BD Biosciences, #553271) and anti-IgM-FITC (eBioscience, #11-5790-81)
have been confirmed by FACS in published papers including (except this study): Dai, H.-Q. et al. Loop extrusion mediates physiological
Igh locus contraction for RAG scanning. Nature 590, 338-343 (2021).

Eukaryotic cell lines
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Cell line source(s) The primary pre-B cells were derived from bone marrows of 4-6-week-old WT, Vk inverted and Igh pre-rearranged; Rag2-/-
129SV mice in both genders (male mice and female mice are equally used in the experiments). The Wapl-degron
immortalized v-Abl cell lines and derivatives were generated by retroviral infection of primary pro-B cells derived from initial
RAG1-deficient; Em-Bcl2 transgenic female C57BL/6 mice with pMSCV-v-Abl retrovirus, made in our lab. All other
immortalized v-Abl cell lines and derivatives were generated by retroviral infection of primary pro-B cells derived from initial
RAG2-deficient; Em-Bcl2 transgenic male 129SV mice with pMSCV-v-Abl retrovirus, made in our lab. See Methods for details.

Authentication All cell lines were authenticated by PCR genotyping and Sanger sequencing. v-Abl cell line with targeted chromosomal
translocation was also authenticated by whole chromosome painting. See Methods for details. Sequences of all sgRNAs and
oligos used are listed in Supplementary Table 1.

Mycoplasma contamination All ES cell lines used for targeting and RAG-deficient blastocyst complementation injections were confirmed to be
mycoplasma free. v-Abl cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  None
(See ICLAC register)
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Laboratory animals All mouse work was performed in compliance with all the relevant ethical regulations established by the Institutional Animal Care and
Use Committee (IACUC) of Boston Children’s Hospital and under protocols approved by the IACUC of Boston Children’s Hospital.
Mice were maintained on a 14-h light/10-h dark schedule in a temperature (22+3°C)/humidity (35%~70%+5%)-controlled
environment, with food and water provided ad libitum. We used 4-6-week-old WT, Vk inverted and Igh pre-rearranged; Rag2-/-
129SV mice, including both males and females, for isolating primary pre-B cells from bone marrow. For each HTGTS-V(D)J-seq
experiment, we sacrificed 7 mice for both WT mice and Vk inverted mice. For each 3C-HTGTS experiment, we pooled cells from 3-4
mice per sample and prepared 2 samples per experimental condition.

Wild animals The study did not involve wild animals.
Reporting on sex Both male and female mice from WT, Vk inverted and Igh pre-rearranged; Rag2-/- 129SV colonies were used in experiments.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All mouse work were performed in compliance with all the relevant ethical regulations established by the Institutional Animal Care
and Use Committee (IACUC) of Boston Children’s Hospital and under protocols approved by the IACUC of Boston Children’s Hospital.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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