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Figure S1 Related to Figure 1 Details of the VDJseq pipeline, read counts and estimated capture

A) Upper, V(D)Jy recombination gives both combinatorial and junctional diversity as shown. Lower, for
deduplication VDJ-seq uses both positional variability due to differential sonication fragmentation of genomic
DNA in read 1 (Vu/Dy end), and combinatorial plus junctional diversity in read 2 (Jy end). B) Babraham
LinkON pipeline used to identify unique recombination events in VDJ-seq sequence files. C) Read counts at
each stage through the pipeline for WT and Rag1'/' pro-B libraries. D) Percentage of sequences at each
stage of processing of VDJ-seq data. E) Estimated capture of VDJ-seq based on the frequencies of DJy and
VDJy alleles in DNA FISH of the same pro-B cell population (assuming 95% complete DJy recombination)
and normalising for yield per cell in each DNA prep.
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Figure S2 Related to Figure 2 Alternative and aberrant recombination events detected by VDJ-seq
A) Low frequency recombination events were detected for Dy pseudogenes and cryptic RSSs (cRSSs)
within the Dy region. B) Dy gene inversion recombination as documented previously was a low frequency
event. C) Inversion VHRSS-DJy recombination involving the normal Vy RSS heptamer used in the inverted
orientation (with cleavage 7bp distal to the end of the V, exon) together with a poor quality nonamer within
the Vy exon itself. When the DJy join is normally cleaved the resulting fragment is inverted and joined
generating a non-functional V4RSS-DJy segment. D) Jy-Jdy joining. Simultaneous cleavage of Jy RSSs and
inversion and joining of the resulting fragment generates inverted Jy-Jy joins.
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Figure S3 Related to Figure 1 Quality control of VDJ-seq

A) Quantitation of VDJy and DJy rearranged sequences in WT pro-B cells by VDJ-seq. Sense orientation
reads across the entire Dy and Vy regions were counted and each presented as a percentage of the total of
Du+Vy. Frequencies correlated closely with VDJ:DJ/GL ratios previously published (Ehlich et al., 1994). B)
XY scatterplot of V gene usage in the two WT pro-B VDJ-seq datasets. C) XY scatterplot of Dy gene usage
in the two WT pro-B VDJ-seq datasets. D) DNA FISH analysis of overall Vy-to-DJy recombination. A
constant region BAC probe labelled with Alexa-555 was used with a cocktail of plasmid probes labelled with
Alexa-488 that detect non-repetitive regions in the V-Dy intergenic region (VD probe). Detection of these
regions in E) Rag1"', and F) WT pro-B cells. Absence of VD signals indicates Vy-to-DJy recombination has
occurred on an allele; presence of these signals, that an allele is either unrecombined (germline) or DJy-
recombined (hence GLDJ). G) Quantitation of alleles in Rag1'/' and WT pro-B cells by DNA FISH. H)
Quantitation of reading frame in VDJ-seq sequences by IMGT Hi-Vquest analysis. Frequencies of in-frame
productive, non-productive and out-of-frame recombination products were close to previous reports (Ehlich
et al., 1994). 1) Analysis of CDR3 length for in-frame VDJ-seq sequences. The dotted line indicates the mean
length, circles indicate values for each replicate. Lengths were close to previous reports (Zemlin et al., 2003)
J) Overlap of amino acid CDR3 IMGT clonotypes between the two WT pro-B VDJ-seq datasets. Only ~5% of
clonotypes were shared indicating that each replicate samples a different part of the highly complex,
randomly generated pro-B Igh repertoire.



>
o

20 7
3 1024 7 °
§ =~ 512
15 gL 251 o g

2 o
o &y 128 68 26 genes
(5] =z 1)
5 g5 64 o R o
> - [e] . i
Z 10 g R € = 3240 S o == . sign. level
5 o 33 g g 2% 16 o0 ¥
8 R o= oG < < x 2 % o 9 o o 102 genes
5 © 38X <N ~ N = a 875° m oo ° @ o 4
3 5 - s 188 0w i ) c 5 — —_ I8

g 55 2% g B 8§ a0 s

o, >> ~o 2 ~ 5 = @ ° © °

> > > > 5 270 ° °

o0 - 1 LI T T 99— T T T
) A Q>N 0 o D K
ST SN RN NIV N NN P S P A N R P ,\'3’ o2 %\Q o}v R ,,gaQ’ 4‘21\40@ 5&9 AQ:‘ A‘b\ ‘b@ go('-’
Average recombination (0.78%) V family
B
87 o o

% of total VDJ,, recombination

¢
J & & v(g) Coq?
$e N g ¢ ¢
G Q ¢ $ AN

o

(2}

=
=7
2]
: |
% I Fi 1 1 | | AT R | | Ao 1 1h|1m 1
8
o
=)
Zo

(2]

c

5]

]

c

®

L ke L o n m.|ﬂp |m“ld wlﬁ ||L

o

[0

7]

a

> éz'—\

3Ea C J O
SOHHH—HHl
] ] ] ] ] ]
chr12 Mb 114.8 115.3 115.8 116.3 116.8 117.3

Figure S4 Related to Figure 2 Detailed VDJ-seq data

A) Frequency distribution of recombination for Vi genes. The seven highest recombining genes are named.
B) Gene (99), pseudogene/ORF (29) and per family usage for recombining Vy genes. Each gene is
represented by a circle with the mean in each group shown by a line and the average recombination of all
recombining genes by a dotted line. Normalised mean read counts of the two replicate datasets was used to
calculate the percentages. C) Browser view of nuclear strand-specific RNA-seq, aligned with VDJ-seq
dataset. Top: sense; bottom: antisense transcription. D) mMRNA-seq for sense non-coding transcription within
V gene families. Rag-/- (pre-recombination) RNAseq read count over V genes segregated by family. Sense
reads were counted in 2.5kb bins centred on the V genes. RNAseq data is from Rag™ Ovation RNAseq from
Choi et al. (Choi et al., 2013) The significance level was calculated by a binomial test similar to that applied
to our VDJ-seq data (see methods section). The red line indicates the mean read number in each V family.
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Figure S5 Related to Figure 4 Co-localisation of epigenetic factors with active V, genes

A) Density curves of distances between summit of peaks and the RSSs of V,; genes, for 12 factors within the
Igh locus (in log, bp). The bimodal distribution of distances is clear for 8 of these factors. B) Scatter plots
show the distance (y-axis in log, bp) of nearest peak summit of 8 factors from the RSS of each V, gene (x-



axis: genomic order of Vi, genes). Active (recombining) genes have been color-coded as red and inactive
(non-recombining) as blue. Density curves on the left illustrate the frequencies of genes with factor peaks at
various distances.



A CTCF RAD21 PU1 DHS

S 1.0e-1 3 ! 8 0014 =3 83615
S [Loeste, S 1.06-06 e g
- . . '
8 ' % 8 8 |
< | - < . e .
| . . 1
! + . :
3 ' . 3 - - 3 —_ 3
i - -+ 4+ _— — . — I .
4
o= _ o= + | o == mm ol £ = -
IRF4 MED1 PAX5 H3K4ME1
o o o o
. o . o o
N N 1.5e-05 | N 39
o o o o
0. v ! n w
- = ! - ~ 12613
S 2.6e-11 8 . . S S !
S [ e e =] +
; : 1.06-08 |
+
8 -1 8 | 8] '
L= £ .
o = - of == i o] & =4— o
H3K4ME2 H3K4ME3 H3K9AC YY1
o o o o
. o o o
N N N N
o o o o
. v n w
- - 8.4e-11 - -~
= =] o o 1.0e-04
c (=} 2.1e-10 o . o o [
a - - 6.06-08 - .
'g Q (=3 ! o o -
s kY . 0 - ] ; [t} 4+ . '
o - ° L -+ —— -
of = == | ol = o mmm| [=="TT O
Bg A E Bg A E Bg A E Bg A E
States
B Hkkk ns
[ 1 1
14 --10
o E state
® o Bg state

’&
o
o
o ®
c ) M Lo
R S [ B
£ 104 o ®e0 2
£ % o
o 1]
e %00 8
o B8 o °7 Lo 3
z
= [e]e)
=]
6 R °
T T T -40
N N NS
o o o
N N N
I P P U N \:\b\
Cu Euds DQ52 Q‘b o% o‘b o% o% Q oro o‘b o"‘ Adamé6b
—HiH — 11— L
State
Bg A E
chr12 Mb 11|4.8 11|5.3 11|5.8 11|6.3 11|6.8 11|7'3
State | Rt M 1 TN
Window
7183.1pg 1 | $107.1.42 | 36-60.4.66 | VH10.3.91|  J558.26.116 | J558.53.146 | J558.70pg. 171 | J558.88.194 |
7183.2.3_(81X) | SM7.1.44 | 36-60.5.67 | J558.4.93 | J558.28pg. 118 | 3609.5.147 | J558.72.173 | J558.89pg. 195 |
Q52.2.4 | X24.1.45 | 36-60.6.70 | VH15.1.95|  J558.31.121 | J558.54.148 | 3609.12.174 | State
7183.4.6 | 36-60.1.46 | VGAM3.8-4-71 | J558.6.96 | J558.32pg.122 | J558.55.149 | J558.73pg.175 |
Q52.3.8| VH11.1.48 | PG.14.73 | J558.8.98 | J558.33pg.123 | J558.56.150 | J558.74.176 |
7183.7.10 | SM7.2.49 | 36-60.8.74 | J558.9.99 | J558.34.124 | 3609.6pg.151 | J558.75.177 | BgAE
Q52.5.13 | X24.2pg.50 | 3609N.2.77 | J558.10pg.100 | J558.36.126 | 3609.7.153 | J558.76pg.179 |
7183.9.15 | 36-60.2pg.51 | VH12.1.78 | J558.11pg.101 | J558.37.127 | J558.58.154 | J558.77.180 |
Q52.7.18 | VH11.2.53 | J606.1.79 | J558.12.102 | J558.38pg.128 | J558.59.155 | J558.78.182 |
7183.12.20 | SM7.3.54 | J606.2.80 | J558.15pg.105 | J558.39.129 | J558.61.157 | J558.79.184 |
Q52.8.22 | VGAM3.8-1-57 | J606.3.81|  J558.16.106 | J558.40pg.130 | J558.62pg.158 | J558.80.186 |
7183.14.25 | PG.11.58 | J606.4.82 |  J558.18.108 | J558.42.132 | J558.64.162 | J558.81.187 |
Q52.9.29 | VGAM3.8-2-59 | J606.5.83 |  J558.19.109 |  J558.47.137 | J558.65.163 | J558.82pg.188 |
Q52.10.33 | VGAM3.8-3-61 | 3609.1.84 | J558.20pg.110 | 3609.3.139 | 3609.9.164 | J558.83.189 |
7183.18.35 | $107.3.62 | J558.1.85 | J558.21pg.111 | J558.49.141 | J558.66.165 | J558.84.190 |
7183.19.36 | SM7.4.63 | VH10.1.86 |  J558.22.112 | 3609.4.142 | J558.67.166 | J558.85.191 |
7183.20.37 | 36-60.3.64 | J558.2.88|  J558.23.113 | J558.50.143 | 3609.11.169 | J558.86pg.192 |

Q52.13.40 | $107.4.65 | J558.3.90 | J558.25pg.115 | J558.52.145 | J558.69.170 | J558.87.193 |



Figure S6 Related to Figure 5 ChIP signals are distinctive features of the 3 chromatin states and
distribution of states across the V, region

(A) Differences of ChIP enrichment between states for 12 factors used in chromHMM analysis. Consistent
with chromHMM, CTCF and RAD21 show a significantly higher signal in the A state than the E state
whereas IRF4, MED1, PAX5, YY1, PU.1, H3K4me1, H3K4me2, H3K4me3 and H3K9ac are significantly (t-
test) enriched in E state compared to A state. One exception was DHS, which, despite chromHMM
association with both active states, showed stronger enrichment of read counts in E state than A state. B)
Comparison of recombination frequency versus RSS RIC score for highly recombining active J558 genes
(>10 logz unique reads, 35 genes) versus low recombining active J558 V genes (<10 log, unique reads, 32
genes). Left columns: recombination frequency; right columns: RIC scores. E state genes depicted in blue,
Bg state genes in grey. An unpaired T-test was used to determine significance. C) Local chromatin structure
in the J and D regions. J genes entirely overlap with an E-state region. D genes generally overlap with the
Bg state. In the chromatin state panel, white segments represent Bg state, red: A state, blue: E state. D)
Distribution of chromHMM states across the Vy region. From top — position on mouse chromosome 12,
individual chromHMM state segments, sliding window of these state segments (a window of 10 segments
was used with a step size of 1) and, bottom, actively recombining Vy genes colour-coded by state they
overlap with.
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Figure S7 Related to Figure 2 Comparison of RNA and DNA-based repertoire analyses

A) XY scatterplot comparing VDJseq with RNAseq data from (Choi et al., 2013) for the 128 V genes found to
be active in VDJseq. A pseudocount of 1 was assigned to 14 genes that had zero reads in the Choi et al.
dataset. A two-tailed Pearson correlation test was performed using Graphpad Prism. B) Comparison of the
relative ratio represented by each individual gene in the two datasets for the 128 active V genes identified in
VDJseq. A figure of 1 denotes equal representation in the datasets, above this indicates higher
representation in the RNAseq dataset, below, lower representation. C) Data from B) separated into V clans
with a dotplot (left) and mapped onto the V locus (right). D) Comparison of recombination frequency
with position in topological domains. VDJseq data with the interacting regions identified by Montefiori et al.
(Montefiori et al.,, 2016). Arcs indicate Pax5 dependent (red), independent (blue) and not tested (black).
Green arcs, Eu-dependent loops, grey arc (Guo et al., 2011), 3’'Ea loops with Ey (Kumar et al., 2013) and
Site I.



File S1

This Excel spreadsheet includes the following worksheets:

V region VDJ-seq data

V genes states

D region VDJ-seq data

Next generation sequencing datasets used, both in-house and published
MACS2 peaks and parameters used for chromHMM analysis

Oligonucleotide sequences of primers used in VDJ-seq

V RSS to MACS peaks: distances of factors from active and inactive V genes

Noohkowb=

Supplemental Experimental Procedures

Primary cells

C57BL/6 (wild-type; WT) and Rag1"' mice were maintained in accordance with local and Home
Office rules and ARRIVE guidelines under Project Licence 80/2529. For VDJ-seq Rag1'/' (Spanopoulou et
al., 1994) bone marrow pro-B cells were isolated with CD19 MACs beads (Miltenyi) achieving >90% purity.
For RNA- and ChIP-seq these were further purified by flow sorting (B220°CD19°CD43"). WT bone marrow
from 15 12-week old male C57BL/6 mice per replicate was depleted of macrophages, granulocytes, erythroid
lineage and T cells using biotinylated antibodies against Cd11b (MAC-1; ebioscience), Ly6G (Gr-1;
ebioscience), Ly6C (Abd Serotec), Ter119 (ebioscience) and Cd3e (ebioscience) followed by streptavidin
MACs beads (Miltenyi). Thereafter, pro-B cells were flow sorted as IgM'CD25B220°CD19°CD43" on a BD
FACSAria in the Babraham Institute Flow Cytometry facility.

DNA FISH

DNA FISH was performed as previously described (Bolland et al., 2013) using /gh constant region
BAC RP24-258E20, labelled with Alexa fluor 555, and a set of 7 plasmids containing non-repetitive parts of
the Vy-Dy intergenic region (inserts sizes 1-3kb, ~15kb in total), labelled with Alexa fluor 488. Signals were
counted manually on an Olympus BX61 epifluorescence microscope system.

Nuclear RNA-seq

Nuclei were obtained from 2-5 x 10° flow-sorted Rag1-/- pro-B cells (B220+CD19+CD43+) by
incubation in 50 mM Tris-HCI pH 7.5, 140 mM NacCl, 1.5 mM MgCl,, 1 mM DTT, 0.4% NP40, 5 min on ice.
RNA was isolated with a RNeasy mini kit (Qiagen) and treated with Turbo DNAse (Ambion). Paired-end
strand-specific RNA-seq libraries for Illumina sequencing were generated as described (Parkhomchuk et al.,
2009) except polyA+ RNA selection was omitted, first strand cDNA synthesis was performed with random
hexamer primers, and double-stranded cDNA was fragmented with a Diagenode Bioruptor. Details in File
S1; Accession numbers: GSM2113569, GSM2113570.

ChiIP-seq

ChlIP was performed as described (Schoenfelder et al., 2010), with an antibody against histone
H3K4me3 (Ab8580, Abcam). Cross links were reversed with 100 pg/ml proteinase K overnight at 65°C, and
ChIP DNA was purified by PCI extraction and isopropanol precipitation. Paired end ChlP-seq libraries were
prepared according to standard Illumina ChlP-seq library protocols. Details in File S1; Accession numbers:
GSM2113571, GSM2113572, GSM2113573.

VDJ-seq

Genomic DNA was isolated using a DNeasy kit (Qiagen). For each sample 10ug of DNA were
sonicated to 500bp using a Covaris E220 sonicator using recommended settings then end-repaired and A-
tailed using standard protocols and a short asymmetric adaptor ligated to both fragment ends. DNA was
cleaned with a PCR cleanup kit (Qiagen) after end-repair, following A-tailing and following adaptor ligation.
Biotinylated primers located in Jy intergenic regions were then used in primer extension reactions (8 x 50ul)
using Vent Exo- polymerase (2 units per tube; NEB) followed by purification with a PCR cleanup kit. Due to
the placement of these primers and the fragment size of the sonicated DNA, primer extension of
unrecombined Jy segments would be favoured over that of DJy or VDJy recombined segments. Primer-
extended sequences (enriched for unrecombined Jy intergenic sequences) were then removed using
streptavidin beads (My-one C1; Invitrogen) following the manufacturers protocol with incubation for 4 hours
at room temperature (20ul beads per sample). Following a further cleanup, a second primer extension (6 x
50ul reactions, 2 units per tube) was performed using biotinylated reverse primers located immediately
downstream of each Jy gene. Since primer extension is a single cycle, each DJy and VDJy recombination
product will be represented at its relative frequency in the starting DNA.

Streptavidin beads (20ul) were again used to isolate primer extended Jy-specific products by
incubation overnight with rotation. lllumina PE1 primers corresponding to the long strand of the asymmetric
adaptor and Jy-specific PE2 primers were then used to amplify the library off the beads in 15 cycle PCR
reactions (4 x 25ul) using Pwo master mix (Roche). Low-cycle number PCR was used to reduce PCR
duplication. Following 1x size selection (to remove small products) and cleanup using AMPure XP beads



(Beckman Coulter), a second round 5 cycle PCR was performed to add the remainder of the lllumina PE1
and PE2 adaptors, incorporating Truseq bar codes at the PE2 end, followed by a second 1x size
selection/cleanup with AMpure XP beads. If necessary, a ‘double-sided’ Ampure XP size selection (0.5x
followed by 1x) was used to remove a low quantity of library products >1kb as these are too large for efficient
cluster generation in lllumina sequencing. We generated two WT pro-B cell VDJ-seq libraries and one from
Rag CD19" cells. Libraries were quality controlled by qPCR analysis of recombined and unrecombined
sequences and quantified by Agilent Bioanalyser and Kapa qPCR before being sequenced by lllumina Hiseq
2x100bp or Miseq 2x250bp paired end sequencing. Oligonucleotide sequences are provided in File S1.

VDJ-seq pipeline — Babraham LinkON

We developed a novel pipeline for deduplication of VDJ-seq sequence data we named Babraham
LinkON (Figure S1A and B, https://github.com/FelixKrueger/BabrahamLinkON). Briefly, sequences were first
adaptor- and low quality trimmed (Phred <20) using TrimGalore (Babraham Bioinformatics), then
demultiplexed based on Truseq barcodes. Next, J4 sequences were identified in read 2 (J4 end). By
analysing the sequence immediately downstream of each Jy primer sequence in each Jy read we
determined that J42 PCR primers significantly cross-amplified J44 sequences, leading to chimaeric Jy2-Jyd J
reads. We concluded this mis-priming was unavoidable due to sequence similiarity between Jy2 and Jy4 and
the requirement to use reverse Jy primers at a set position 10bp distal to the start of the J, gene to ensure
equal capture of all sequences including those that had undergone substantial exonuclease nibbling during
Du-to-Jy joining. To correct this we used the 4bp of bona fide Jy2 sequence downstream of the Jy2 primer
sequence to reassign the chimaeric sequences to Ju4 and replaced the incorrect Jy2 sequence with the
correct Ju4 sequence before further processing. No significant mispriming was seen for the other Jy genes
(<5%). Following this, the low number of Jy reads that extended less than 60bp beyond the Jy primer
sequence were discarded and for the remainder the 60bp of downstream sequence was scanned for
duplicates. These could be either technical (PCR) or biological. In order to differentiate between these, the
opposite end reads (read 1, Vy or Dy end) were mapped to the NCBIM37/mm9 mouse genome assembly
using Bowtie allowing no mismatches (-n 0 -1 100) and discarding multimapping hits (-m 1 --strata --best) and
then scanned for start position in the Vy region. Read pairs that had identical read 2/Jy end sequences
(produced by combinatorial joining of Vy, Dy and Jy) and the same start position at the read 1/Vy or Dy end
(a product of the random sonication of the DNA) were considered duplicates and only one retained. The
previously mapped read 1 (Vy/Dy) reads for these were then output as bowtie mapped BAM files.

Of the ~2.7 x 10’ starting sequences per library (Figure S1C), ~75% had identifiable Jy sequences in
read 2 (identified using Jy primer sequences) with lengths downstream of the Jy longer than 60bp. Of these,
~80% (~60% of total) had mappable read 1 sequences (Vu/Dy). These are the input into the deduplication
pipeline since both a Jy sequence longer than 60bp and a mapping Vu/Dy read are pre-requisites (Figure
S1B). Following deduplication on Jy sequence plus Vy/Dy read start position, 5.6% of these read pairs were
found to be unique for WT pro-B libraries (~2% for Rag1'/'). Of these, ~93% (5% of input) mapped to the Igh
locus (73% for Rag1'/'). Ju, Dy and Vy region sequences constituted 23% (1.1%), 49% (2.5%) and 28%
(1.4%) of these for WT pro-B libraries whereas >99% of Igh reads mapped to the Jy region in Rag1'/' (Figure
S1D). Read counts at each stage of this pipeline are shown in Figure S1C.

Quantifying V(D)J recombination

BAM files of Vy/Dy reads corresponding to unique recombination events were loaded into Seqmonk
(Babraham Bioinformatics; http://www.bioinformatics.babraham.ac.uk/projects/seqgmonk/), a freely available
java-based tool to visualise and analyse mapped next generation sequencing data. Segmonk ‘probe’ regions
(windows over which reads were counted) are listed in Supplementary File 1. For the gene-by-gene analysis
of Dy-to-Jy recombination we counted the reads over the Dy gene and upstream region by identifying peaks
using Segmonk and assigning these to specific upstream canonical Dy genes, non-canonical Dy genes, Dy
pseudogenes or other recombining regions (e.g. cryptic RSSs). For Vy-to-DJy recombination, we determined
that all correct (i.e. reverse) orientation reads mapped to a region encompassing the Vy exon plus 800bp of
upstream sequence (1.1kb overall), as expected from the sonication of genomic DNA to 500bp (range of
DNA fragments 0.2-1kb). We thus counted reads within these regions and normalised to the replicate with
the lowest number of reads (replicate 1). Mean read counts were then calculated from these values for each
Dy or Vy gene. Raw read counts for Vy and Dy genes are provided in Supplementary File 1. We corrected
two errors in gene functionality designations and reclassified six genes as ORF (open reading frame)
pseudogenes due to missing key residues required for pre-BCR pairing. For Jy-Jy, inverted Dy and V4RSS-
DJy recombination we counted inverted (i.e. forward) reads in regions including the RSS and extending
downstream of each Vy, Dy and Jy gene.

VDJ-seq IMGT HighV-quest pipeline

The 100bp VDJ-seq Ju-end reads for VDJ recombination events contain part of the Jy gene, the Dy-
Ju junction, the Dy gene, the Vy-Dy junction, and a variable amount of Vy gene (typically 40-50bp). Paired
Vy-end reads map to a region starting from Obp up to ~1kb proximal to the V, gene RSS. IMGT HighV-quest
requires sufficient Vy sequence to be able to unambiguously identify a specific Vg gene, which is generally
greater than the 40-50bp of V4 gene sequence in the Jy end read produced by 100bp sequencing. Therefore,



we developed a custom script that takes the Vy-Jy read pair output of the standard VDJ-seq pipeline detailed
above and, if the Vy and Jy reads directly abut or overlap (21.5% of read pairs), merges the two, keeping the
Ju-end sequence for any overlapping regions to maintain the highly-variable junction sequence. For read
pairs that didn’t overlap (78.5%), the genomic Vi gene sequence was used to fill in the gap, again ensuring
the Jy read wasn’t changed in order to maintain the junction sequences. Using this approach, just <0.7% of
sequence pairs overall for each replicate were lost, indicating high joining efficiency. Furthermore, Pearson
correlation analysis of Vy gene read counts with the standard pipeline gave R? values of ~1 indicating that
the data had not been altered by the process. The reverse-complemented joined sequences where then
analysed by IMGT HighV-quest using standard parameters (see below).

IMGT HighV-quest analysis

We performed IMGT HighV-quest analysis (Alamyar et al., 2012) with the “F+ORF+in-frame P”
reference directory set selecting “with allele *01 only”, since the sequences were from a single mouse strain.
>99% of sequences in each dataset could be assigned as “productive” or “unproductive” with very few “no
result” or “unknown” assignments. We derived in-frame productive, in-frame non-productive and out-of-frame
data from the IMGT HighV-quest ‘Summary’ file. We then performed standard IMGT HighV-quest Statistical
Analysis to determine CDR3 lengths (for productive plus non-productive recombination events) and IMGT
AA clonotype data (for productive only) to determine overlaps between the two WT pro-B replicate datasets.

Definition of recombining versus non-recombining V, genes

Recombining active Vi genes were defined as those enriched for VDJ-seq reads compared with the
Vy region as a whole. These were ascertained using a binomial test of observed versus expected by random
read counts per Vy gene (fdr-adjusted p-value <0.01), in which the probability is defined as the fraction of the
total locus length taken by the gene, n as the read counts of a given Vi gene body and N as the total number
of VDJ-seq reads in the Vy region.

Since the two replicate WT pro-B VDJ-seq datasets were highly correlated, for all computational
analyses below we elected to use only replicate 2.

Random forest classification

Random forest (RF) classification was chosen as the machine learning method as it is known to
cope well with both colinearity and interactions between predictors. Genes with mappability (defined as the
average mappability score over a given genomic region) below 90% (29 Vy genes) were excluded from this
analysis. The binary recombination classes (“recombining” vs “non-recombining”) defined as described
above, and designated as active and inactive respectively, were used as response variables. The 29 non-
mappable Vy genes were evenly divided between these classes.

DHS-seq, ChIP data and RNA-seq data processed as follows were used as predictors. From each
dataset, reads overlapping 2.5-kb windows surrounding each Vy gene were retained for analysis (bedtools
coverage function), and the total read counts for each dataset over the whole Vy region were noted. Signal
intensities were defined as log,(O+1/E+1), where O is observed read counts at each gene and E is the
expected counts given the fraction of the locus length taken by the gene. To account for different signal peak
shapes in these data (e.g., broad histone peaks versus sharp TF peaks), we split the 2.5kb regions into
500bp regions containing the gene bodies and 1kb upstream and downstream regions. For each factor, we
used either the signal intensity for the total 2.5kb region or that for one of the three subregions, depending on
which of these showed the highest correlation with VDJ-seq read counts.

RF classification was performed with 10-fold cross-validation, using 10% of genes as the test set in
each case, and average variable importance was recorded. We then focused on the top 11 predictors
identified this way (RSS, DHS, H3K4me1, CTCF, IRF4, H3K4me3, RAD21, H3K9ac, PAX5, MED1 and
sense RNA) and examined the classification rate of all their possible combinations, using 10-fold cross-
validation for each combination. Various metrics of classification rate were explored, including Area Under
Curve (AUC); F1 scores defined as 2TP/(2TP+FP+FN), where TP, FP an FN are the numbers of true
positives, false positives and false negatives, respectively; and accuracy defined as (TP+TN)/(P+N), where P
and N are the total numbers of positives and negatives, respectively. All of these metrics produced similar
results (data not shown). Analysis was performed using R packages randomForest (Liaw and Wiener, 2002),
pROC (Robin et al., 2011) and caret (R package version 6.0-41).

Co-localisation analysis

ChIP peaks (including DHS) were called using MACS2 (in the narrow peak mode for all data except
H3K27me3, see Supplementary File S1 for the number of detected peaks and parameters used in the Igh
locus). For each Vy gene, the distance between the RSS position to the summit of nearest peak was
measured for each ChIP dataset. The significance of co-localisation (vs. active and inactive genes), was
assessed between the ChIP peaks and 1kb windows surrounding the RSS using a c? test. See File S1 for
the number of detected peaks and parameters used in the Igh locus.

Chromatin segmentation
For chromatin segmentation the /gh locus was split into 200bp bins and for each ChIP and DHS



dataset, a value of either 0 or 1 was assigned to each bin depending on whether it overlapped with the
respective ChIP/DHS peak (>50%). The resulting binary matrix was submitted to chromHMM.
Segmentations with the following numbers of states were obtained: 2, 3, 4, 5, 6, 10, 15, 20, 25, 30, 35, and
the model with 3 states (designated “Background” (Bg), “Architectural” (A) and “Enhancer” (E)) appeared to
be near optimal with high between classes difference and low inter-class variation. The significance of
association between three chromatin states and V genes’ recombination classes (active vs. inactive) was
assessed by a Fisher exact test.

Data sources availability

Public ChIP- and DHS-seq datasets were downloaded from GEO in the form of raw short-read files
(SRA; see Supplementary File 1 for locations) and realigned to NCBIM37/mm9 using bowtie with the
parameters listed in Supplementary File 1. The VDJ-seq, ChIP-seq and RNA-seq data generated in this
study can be found at GEO Accession Number GSE80155.
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