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Abstract
Immunoglobulin heavy (IgH) and light (IgL) chains associate to form the B cell receptor
(BCR), which is secreted as an antibody upon B cell activation. Each B cell generates and
expresses a unique set of IgH and IgL variable regions generated via V(D)J recombination from
multiple germline V, D, and J segments. V(D)J recombination at IgH is ordered: D to JH joining
occurs first followed by VH to DJH; lineage-specific: VH to DJH rearrangements do not occur in T
cells; and feedback-regulated: productive IgH chains down-regulate further VH to DJH
rearrangements.
Intergenic Control Region 1 (IGCR1) within the IgH VH-D intergenic region contains
two CTCF-binding elements ("CBEs") required for order, lineage-specificity, and feedbackregulation. IGCR1 also diversifies VH usage by negatively regulating dominant D-proximal
VH81X rearrangements. Beyond IGCR1 CBEs, there are ~60 CBEs throughout the VH region
and ten CBEs just downstream the IgH locus (“3’CBEs”). IGCR1 CBEs form chromatin loops
with the IgH intronic enhancer located between the variable and constant regions, and the
3’CBEs. Specific roles for each IGCR1 CBE and their loop interactions in regulating V(D)J
rearrangement were unknown. We investigated the individual contribution of the two IGCR1
CBEs and found that mutation of either CBE led to partial defects in order, lineage-specificity,
feedback-regulation, and negative regulation of VH81X usage. However, mutation of both CBEs
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had a greater impairment on IGCR1 function compared to mutation of either single CBE. Thus,
IGCR1 CBEs cooperate for full V(D)J recombination regulation.
IgH VDJH junctions are processed through the addition or deletion of nucleotides to
generate a complementary determining region 3 (CDR3) for antigen contact that greatly
contributes to antibody repertoire diversity. We adapted the high-throughput genome-wide
translocation sequencing (HTGTS) assay to characterize antibody repertoires (HTGTS-Rep-seq).
Using J primers, HTGTS-Rep-seq quantitatively identifies VDJH and VJκ exons and their CDR3
sequences from progenitor and mature mouse B cells. HTGTS-Rep-seq also identifies both
productive and non-productive V(D)J configurations, as well as DJH intermediates. We have
used this assay to assess impact on IgH V(D)J repertoires with respect to individual contributions
of IGCR1 CBEs and their orientation in the IgH locus.
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Thesis Overview

This section is meant to provide a broad overview of the dissertation. It provides an abridged
introduction, along with a summary of each data chapter. Referenced works may be found at the
end of Chapter 1.

Immunoglobulin (Ig) heavy and light chains (IgH; IgL) associate to form B cell receptors
(BCRs), which are subsequently secreted as antibodies. The ability of BCRs to recognize antigen
is conveyed by the N-terminal variable amino acid regions of the IgH and IgL chains. BCR
variable region exons are assembled in developing B cells from germline V, D, and J segments
via a process termed V(D)J recombination. The combinatorial assembly of V(D)J exons at IgH
and IgL-encoding loci in each developing B cell gives rise to a diverse primary BCR repertoire.
The immunoglobulin heavy chain locus (IgH) encodes the IgH chain in B cells. The ~3
megabase (Mb) mouse IgH locus is located on chromosome 12. The 5’ variable region consists
of 100s of VH segments distributed across 2.7Mb, followed by a ~100kb VH-D intergenic region,
and 13 Ds and 4 JHs which span ~50kb. The ~200kb at the 3’ end of the IgH locus contains eight
sets of constant region exons (CHs) that undergo another rearrangement process, termed IgH
class switch recombination (CSR), that mediates CH exon choice and effector functions in mature
B cells. RNA splicing of a rearranged VDJH exon to a downstream set of CH exons produces a
complete IgH transcript. Two enhancers have been characterized within IgH. The IgH intronic
enhancer (iEµ) located between the variable and constant regions is required for efficient D-JH
and V-DJH rearrangements, while the IgH 3’regulatory (enhancer) region (3’RR) located
downstream the constant region regulates CSR (Perlot and Alt, 2008; Pinaud et al., 2011).
V(D)J recombination is initiated by the Recombination Activating Gene1/2 (RAG)
endonuclease and completed by classical Non-Homologous End-Joining (C-NHEJ) (Schatz and
Swanson, 2011; Taccioli et al., 1993). RAG (comprised of RAG1 and RAG2 subunits)
recognizes and binds recombination signal sequences (RSSs) that lie adjacent to V, D, or J
coding segments. RSSs are comprised of a conserved heptamer and nonamer, which are
separated by either a 12- or 23-bp non-conserved spacer (Teng and Schatz, 2015). Upon binding
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a pair of 12- and 23-RSSs (a restriction referred to as the 12/23 rule), RAG introduces double
strand breaks (DSBs) at the juncture of the RSSs and their associated coding segments to
generate two blunt RSS signal ends (SEs) and two hair-pinned coding ends (CEs). SEs are joined
together directly via C-NHEJ to form signal joins (Kumar and Alt, 2016). CEs are opened and
processed via resection or N-nucleotide addition by the terminal deoxynucleotidyl transferase
(TdT) enzyme, before joining together via C-NHEJ to form diversified coding joins and, thereby,
contribute greatly to variable region diversity (Kumar and Alt, 2016). RAG is recruited majorly
to J segment regions (and proximal Ds) in antigen receptor loci to form ‘recombination centers’
(RCs) that are a centralized hub for initiation of V(D)J recombination initiation (Ji et al., 2010).
B cell development in the bone marrow is tightly linked to V(D)J recombination of IgH
and IgL-encoding loci (Igκ, Igλ). V(D)J recombination at the IgH locus is ordered and stagespecific, in that D-JH rearrangements initiate on both alleles in pre-progenitor (pre-pro-B) cells,
followed by V-DJH rearrangements one allele at a time in progenitor-B (pro-B) cells (Jung et al.,
2006). Direct joining between VHs and un-rearranged Ds does not normally occur. If the first VDJH rearrangement produces a productive in-frame VDJH exon, a productive IgH chain is
expressed that prevents further rearrangement on the second allele. This feedback process
ensures mono-allelic expression of IgH in each B cell, a property termed allelic exclusion
(Mostoslavsky et al., 2004). IgH heavy chain expression signals progression from the pro-B to
precursor-B (pre-B) stage, where IgL chains are generated from VL-JL rearrangements. V(D)J
rearrangements at the IgH locus are also lineage specific, as developing T cells can undergo D to
JH but not VH to DJH rearrangements (Jung et al., 2006).
The ability of particular gene segments to undergo V(D)J recombination is dependent on
whether RAG can gain access to their RSSs. (Yancopoulos and Alt, 1985; Yancopoulos et al.,
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1986). Accessibility of particular RSSs to RAG occurs at discrete developmental stages and is
correlated with several factors including germline transcription of target gene segments, various
associated chromatin modifications, and nuclear positioning (Bossen et al., 2012; Jhunjhunwala
et al., 2009; Kosak et al., 2002; Yancopoulos and Alt, 1985). IgH also contains binding sites for
tissue- and stage-specific transcription and regulatory factors that mediate the spatial
arrangements of IgH during V(D)J recombination (Degner et al., 2011; Ebert et al., 2011; Guo et
al., 2011a; 2011b; Liu et al., 2007a). These regulators bind to sites throughout the 2.7Mb
variable region and are proposed to bring distal VHs closer to the 3’ end of the IgH locus—a
phenomenon termed locus contraction (Kosak et al., 2002; Degner et al., 2011; Fuxa et al., 2004;
Jhunjhunwala et al., 2008; Medvedovic et al., 2013; Roldán et al., 2005; Sayegh and Murre,
2005). During B cell development, cells lacking factors required for IgH locus contraction
predominantly rearrange the already relatively over-utilized D-proximal VHs and not distal VHs
and, thus, generate less diverse primary antibody repertoires (Fuxa et al., 2004; Liu et al., 2007a).
The CCCTC-binding factor (CTCF) is a highly conserved 11 zinc-finger protein critical
for shaping chromatin topology (Dixon et al., 2012; Nora et al., 2012; Rao et al., 2014; Vietri
Rudan et al., 2015; Zuin et al., 2014). CTCF recognizes and binds a conserved 14-bp core
CTCF-binding element (CBE) motif that is non-palindromic and thus has an orientation. It is
typically written as 5’-CCACNAGGTGGCAG-3’ (Nakahashi et al., 2013), defined to be
‘forward’ orientation. Its reverse complement sequence is thus defined to be ‘reverse’
orientation. CBEs in the IgH locus were initially identified via DNaseI hypersensitivity assays
and CTCF ChIP-chip studies on RAG2-deficient Abelson-virus transformed pro-B cell lines and
RAG1-deficient primary pro-B cells, respectively (Degner et al., 2009; Garrett et al., 2005). A
total of ~60 CBEs were identified throughout the VH region, two CBEs were identified in the

4

VH-D intergenic region, and ten CBEs were identified downstream the 3’RR (“3’CBEs”). CBE
orientations within IgH are highly organized by domain, in that all CBEs within the VH region
are ‘forward’ oriented, while all CBEs within the 3’CBEs are ‘reverse’ oriented. The two CBEs
within the VH-D intergenic region are divergent from one another, in that the upstream VHproximal CBE1 is ‘reverse’ oriented, while the downstream D-proximal CBE2 is ‘forward’
oriented. Beyond CTCF, ChIP studies have also shown that IgH CBEs are also enriched for
cohesin binding, which is critical for the formation of CBE-based chromatin loops (described in
more detail below) (Degner et al., 2009; Degner et al., 2011).
The 4.1kb Intergenic Control Region 1 (IGCR1) that encompasses the two CBEs in the
V-DH intergenic region is required for regulated V(D)J recombination. Mice containing a
deletion of IGCR1 (IGCR1-/-) or mutations of its two CBEs so that they no longer bind CTCF
(CBE1&2-/-) displayed premature germline-transcription and active histone marks at the most
D-proximal VH81X segment (and to a lesser extent at other proximal VHs upstream,) that
correlated to increased rearrangements in cis and led to breaks in ordered, lineage-specific, and
feedback-regulated V(D)J recombination (Guo et al., 2011b). Normally already relatively highly
utilized for primary VH to DJH rearrangements, VH81X is counter-selected due to auto-reactivity
and poor pairing with IgL chains, leading to low representation in mature antibody repertoires
(Boekel et al., 1997; Malynn et al., 1990; Yancopoulos et al., 1984). Thus, IGCR1’s two CBEs
promote diverse antibody repertoires by preventing prematurely rearranged VH81X from
blocking DJH substrates to which distal VHs can then join.
3C studies in Rag2-deficient (RAG2-/-) v-Abl-transformed pro-B cell lines revealed loop
interactions between IGCR1 and the iEµ and 3’CBEs locales that are abrogated upon IGCR1
deletion (Degner et al., 2011; Guo et al., 2011b). Thus, these loop interactions may separate the
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D and iEµ containing sequences into a distinct regulatory domain and, thereby, block iEµ
activity from the proximal VH region to prevent premature activation and rearrangement of
VH81X (Guo et al., 2011a; Jhunjhunwala et al., 2008). Beyond this negative function, the
location of CBEs throughout the VH region has led to the hypothesis that recruitment of VHs to
downstream DJH intermediates subsequent to contraction is promoted by interactions between
the VH-associated CBEs and IGCR1 CBEs (Bossen et al., 2012; Degner et al., 2011). In the
context of this model, the insulating activity of IGCR1 CBEs would need to be neutralized or
otherwise circumvented to allow rearrangement of VHs once DJH intermediates are formed and
IgH undergoes contraction (Alt et al., 2013; Guo et al., 2011b).
In Chapter 2, we investigated the individual contributions of each IGCR1 CBE to
regulating V(D)J recombination. Mice containing scramble mutations of either CBE1 (CBE1-/-)
or CBE2 (CBE2-/-) that no longer bound CTCF also showed increased rearrangements of
VH81X and breaks in ordered, lineage-specific, and feedback-regulated V(D)J recombination
(Lin et al., 2015). We saw that simultaneous mutation of both CBE1 and CBE2 leads to greater
deregulation relative to the mutation of one or the other CBE, pointing to a cooperative role for
the two CBEs in IGCR1 function (Lin et al., 2015). Despite their partial impairments relative to
the CBE1&2-/- mice, single CBE1-/- mice showed more severe breaks in order, feedbackregulation, and increased proximal VH81X usage compared to single CBE2-/- mice. This could
be because CBE1 and CBE2 contribute differently to common IGCR1 functions, contribute to
different IGCR1 functions, or both. Given the distinct organization of the CBEs in IgH where
VH-associated CBEs and IGCR1 CBE2 are in forward orientations, and the 3’CBEs and IGCR1
CBE1 are in reverse orientations, differences between CBE1 and CBE2 in mediating IGCR1
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functions could be linked to their different orientations (see below and section 1.8.3) (Alt et al.,
2013).
The eukaryotic genome is organized at the Mb and sub-Mb scales into topologically
associating domains (TADs), defined using Hi-C data that showed high levels of interaction
between sites within a domain compared to sites lying adjacent to but outside a domain (Dixon et
al., 2012; Nora et al., 2012). TADs are largely tissue invariant and conserved between species,
and their boundaries are enriched for CTCF and cohesin binding (Dixon et al., 2012; Nora et al.,
2012). Sub-TAD ‘contact’ domains have subsequently been characterized using higher
resolution in situ Hi-C methods (Rao et al., 2014) and have an average median size of 185kb.
Contact domains containing corner ‘peaks’ on Hi-C maps denote chromatin loops, and the loop
anchor sites are also enriched for CTCF and cohesin binding. Because CBEs have orientation,
CBE pairs can be ‘upstream forward and downstream reverse’ (convergent), ‘upstream reverse
and downstream forward’ (divergent), or ‘upstream and downstream forward’ or ‘upstream and
downstream reverse’ (same orientation). Sub-TAD loop domains containing CBE anchors
majorly (92%) had two CBEs convergent with respect to their orientation, suggesting that
convergent CBE pairs are required for the formation of a chromatin loop (Rao et al., 2014).
The IgH locus CBEs bind both CTCF and cohesin, and the IGCR1 CBEs interact with the
3’CBEs to form a ~300kb loop (Degner et al., 2009; 2011; Guo et al., 2011b). This knowledge,
along with the distinct orientation of the IgH CBEs, led us to propose that the IGCR1 CBEs,
which are divergently oriented from one another, could participate in distinct, convergent CBEbased loop interactions (Lin et al., 2015). Specifically, the upstream ‘forward’ VH-associated
CBEs could interact with the downstream ‘reverse’ IGCR1 CBE1, while the upstream ‘forward’
IGCR1 CBE2 could interact with the downstream ‘reverse’ 3’CBEs (Lin et al., 2015). In
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developing B cells, the former convergent VH-associated CBEs-CBE1 loop could sequester the
VHs away from downstream enhancers and RAG, thus preventing premature VH81X (and other
proximal VH) rearrangements with un-rearranged Ds. The latter convergent CBE2-3’CBEs loop
could limit RAG activity to the D, JH, and iEµ region and thus promote ordered D-JH
rearrangements. Loss of either loop in the single CBE mutants would lead to the formation of a
convergent VH-associated CBEs-3’CBEs loop in some cells. This novel loop would bring the
VHs into the same loop domain as the Ds, JHs, and iEµ, and thus contribute to the loss of
iEµ insulation and premature proximal VH81X rearrangements. Loss of both loops in the
CBE1&2 mutants would lead to the sole formation of the VH-associated CBEs-3’CBEs loop in
all cells and explain the more severe V(D)J recombination deregulation. We have tested this
model as described, in Chapter 4, which discusses preliminary data and future directions.
The Alt lab developed high-throughput genome-wide translocation sequencing (HTGTS)
to identify junctions between a fixed DSB site and unknown sites genome-wide (Chiarle et al.,
2011). These fixed ‘bait’ DSB sites can be ectopic, such as through the use of I-SceI
meganuclease or Cas9-gRNA methods, or be endogenous, such as with AID- or RAG- targeted
breaks. HTGTS was initially utilized in B cells to better understand translocation mechanisms
that contribute to oncogenesis, such as in the case of c-myc-IgH translocation events often
detected in Burkitt’s lymphoma (Chiarle et al., 2011; Gostissa et al., 2011; Meng et al., 2014;
Zhang et al., 2012). The method has since been improved through, among other modifications,
the introduction of a linear-amplification mediated (LAM) PCR step, to give rise to the more
sensitive LAM-HTGTS technique ((Frock et al., 2015; Hu et al., 2016). Its use has provided
several insights into both AID-initiated CSR and RAG-initiated V(D)J recombination
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mechanisms, two processes that involve programmed joining of endogenous DSBs across several
kb to Mb distances (Dong et al., 2015; Hu et al., 2015).
Given its importance in mounting an effective adaptive immune response,
characterization of antibody repertoires is of significant interest to the B cell development,
antibody, and vaccine fields. The last decade has seen the advent of high-throughput sequencing
methods to gain a broad picture of antibody repertoires. However, many early DNA-based
methods relied on the use of multiple degenerate V primers that can introduce biases associated
with differential primer efficiencies (Arnaout et al., 2011; Khan et al., 2016). These biases could
be obviated with later RNA-based 5’RACE methods utilizing a single primer in the constant
region that could amplify through the upstream V(D)J exon, but this approach only allows for
characterization of productive rearrangements and cannot account for differences in expression
within a population of B cells (Georgiou et al., 2014; Wesemann et al., 2013). The majority of
single cell and barcode methods are still RNA-based and thus still biased for recovery of
productive rearrangements (Egorov et al., 2015; Khan et al., 2016; Sundling et al., 2014). To
study in more depth the development of IgH (and IgL) variable region exon repertories in CBE
mutant backgrounds, we adapted HTGTS into a sensitive repertoire sequencing method (Lin et
al., 2016).
LAM-HTGTS can detect unknown sequences that join to a known ‘bait’ DSB using a
single ‘bait’ primer. Because V(D)J recombination generates genomic rearrangements with
signal and coding joins at borders of RSSs and their associated V, D, and J segments, our lab has
utilized primers adjacent to RSSs or their associated coding ends to generate LAM-HTGTS
libraries that reveal sites of RAG-mediated DSBs (Hu et al., 2015; Zhao et al., 2016). In Chapter
3, we adapted LAM-HTGTS for an antibody repertoire sequencing assay, termed HTGTS-
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adapted repertoire sequencing (HTGTS-Rep-seq) (Lin et al., 2016). Because it utilizes a single
bait primer and DNA for starting material, HTGTS-Rep-seq avoids primer biases associated with
multiplex PCR methods and can also recover non-productive rearrangements, respectively. For
HTGTS-Rep-seq, we employed bait primers downstream the coding ends of four JH or Jκ
segments to identify their rearrangements to upstream Vs and/or Ds in mouse B cells. Using a
the LAM-HTGTS pipeline and IgBLAST, we recovered both productive and non-productive
V(D)J exons as well as DJH intermediates (Frock et al., 2015; Hu et al., 2016; Lin et al., 2016;
Ye et al., 2013). VH and DH usage patterns were consistent across technical and biological
repeats, as well as across a range of 100ng to 2µg of starting DNA. We also characterized the
VDJH and VJκ junction regions, termed complementary determining region 3s (CDR3s), and
observed expected average CDR3 lengths. Finally, we compared ~15,000 IgH CDR3 nucleotide
sequences each from three technical repeats and observed <1% overlap, informing us of the high
sensitivity of the assay and that the amount of starting DNA must be considered when assessing
the full extent of CDR3 (and, by extension, antibody) diversity within these repertoires.
Rag1 and Rag2 proteins bind to sites across the genome and, with the exception of the
5’CAC of the heptamer sequence, accommodate RSS sequence variations (Swanson, 2004; Ji et
al., 2010; Teng et al., 2015). While this would appear to promote RAG off-target activity at nonbona-fide ‘cryptic’ RSSs outside antigen receptor loci that could contribute to oncogenic
deletions or translocations, such activity is rarely observed (Gostissa et al., 2011; Papaemmanuil
et al., 2014; Teng and Schatz, 2015). We along with others have recently shown that insertion of
an ectopic bona-fide RSS pair into various sites throughout the genome creates hotspots of RAG
off-target activity (Hu et al., 2015; Teng et al., 2015). LAM-HTGTS libraries revealed that an
ectopic bona fide RSS can join to convergently oriented ‘CAC’ motifs via a V(D)J
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recombination mechanism (Hu et al., 2015). These convergent ‘CAC’ RAG off-targets occur
uni-directionally along the DNA and end at boundaries of loop domains flanked by convergent
CBEs, thus restricting RAG activity and promoting genome stability (Hu et al., 2015). These
observations led to the proposal of a novel ‘tracking’ function for RAG, wherein it each of its
sub-units explore in opposite directions along the DNA within a loop domain to locate partner
RSSs (Hu et al., 2015).
The Alt lab has also demonstrated orientation-specific RAG activity, consistent with
tracking, within antigen receptor loci (Hu et al., 2015). LAM-HTGTS libraries were made from
v-Abl transformed pro-B cell lines using a primer upstream the 5’RSS of a DJH-rearranged IgH
allele. A minor fraction of junctions showed joining between the bona-fide 5’D-RSS and
convergently oriented ‘CAC’ motifs not associated with bona-fide RSSs. The majority (95%) of
these cryptic ‘CAC’ joins were located in a region containing the 5’D RSS, flanked upstream by
IGCR1 and downstream by iEµ/Sµ. Based on the localization of these cryptic ‘CAC’ joins as a
proxy for sites of RAG activity, this RC-encompassing IGCR1-iEµ/Sµ region was termed the
“recombination domain”. Deletion of IGCR1 in these DJH-rearranged alleles led to the spreading
of, but still convergently oriented, cryptic ‘CAC’ joins ~120kb upstream into the proximal VH
region, consistent with the dramatic overutilization of VH81X observed in IGCR1-/- mice (Hu et
al., 2015; Guo et al., 2011b). Thus, IGCR1 restricts RAG tracking activity to the D and JHcontaining recombination domain. The Alt lab also observed a similar pattern of RAG tracking at
the TCRδ-encoding Tcrd locus, which undergoes V(D)J recombination in developing T cells
(Zhao et al., 2016). Tcrd contains INT1/2 and TEA elements that form a CBE-based INT2-TEA
loop domain to restrict RAG activity to the Dδ and Jδ-containing region (Zhao et al., 2016)
(Chen et al., 2015). Disruption of the INT2-TEA loop by deleting INT1/2 also led to the
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spreading of cryptic ‘CAC’ joins upstream INT2 and a correlative increase in rearrangements
involving the Trdv3 segment located 73kb upstream INT1/2 (Zhao et al., 2016). Conversely, a
related study in which an ectopic CBE was inserted at Eδ, located between INT1/2 and TEA, led
to the formation of a novel INT2-Eδ loop and the restriction of RAG tracking activity to this
INT1/2-Eδ region (Chen et al., 2016).
In Chapter 4, we extend our earlier studies of the individual CBEs by using LAMHTGTS to quantify changes in VH and D usage patterns in primary pro-B cells. Using a JH4 bait
primer, we saw an increase in VH81X rearrangements in the single CBE mutants relative to wildtype pro-B cells at levels consistent with previous observations. We also identified joins between
the bait JH4 coding end and surrogate coding ends majorly associated with convergent ‘CAC’
motifs, thus establishing that RAG tracking occurs in primary cells. In wild-type pro-B cells,
these surrogate coding joins were confined to the recombination domain. We also showed the
spreading of surrogate coding joins beyond IGCR1 into the proximal VH region in CBE1&2mutated IgH alleles, consistent with previous observations in cell lines containing an IGCR1deleted allele (Hu et al., 2015). In line with the partial impairment of IGCR1-regulated V(D)J
recombination in the single CBE mutants, IgH alleles containing single CBE mutations showed a
similar, but more moderate, surrogate coding join spreading pattern. To test the convergent CBE
looping model proposed earlier, we employed a novel chromosome conformation capture (3C)based technique, termed 3C-LAM-HTGTS, which reveals genome-wide interactions with a site
of interest (Z. Ba and F. Alt; unpublished). Based on preliminary data, we confirm IGCR1 CBEs
are required for establishing IGCR1-based loop interactions with other locales in IgH, and
further show that these IGCR1-based loops, surprisingly, form independent of CBE orientation.
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Chapter 1: Introduction

1.1 B cell receptor
B and T cells express B and T cell receptors (BCRs; TCRs), respectively, that can
recognize and bind antigens to elicit an immune response. BCRs are comprised of two identical
heavy chains (IgH) encoded by the Immunoglobulin (Ig) heavy chain locus (IgH) and two
identical light (IgL) chains encoded, for a given BCR, by either the Igk or Igl (collectively IgL)
loci (Figure 1). These three Ig loci contain many germline V, D, and J segments which are
assembled via a process termed V(D)J recombination to form exons that encode the N-terminal
variable amino acid regions of IgH and IgL chains. The C-terminal ‘constant’ portions of IgH
and IgL chains mediate effector functions of the BCR, of which the secreted form is an antibody.
For this introduction on V(D)J recombination, we will focus largely on the IgH locus and note
relevant aspects in other antigen receptor loci.

Figure 1. Antibody structure.
The BCR is comprised of two immunoglobulin (Ig) heavy (IgH) chains encoded by the IgH
heavy chain locus and two Ig light (IgL) chains. The variable regions are assembled through
V(D)J recombination of VH, DH, and JH gene segments on the heavy chain and VL and JL gene
segments on the light chain. Complementarity-determining regions (CDRs) are indicated as
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Figure 1 (Continued)
regions in dashed red boxes: CDR1 and 2 are encoded in the VH or VL gene segments, and
CDR3 is encoded by the VH-DH-JH junctional region or VL-JL junctional region. The heavy and
light chain variable regions form the antigen-binding site. The constant region determines the
class and effector function of the antibody molecule. Adapted from Hwang et al., 2015.
1.2 IgH and Igκ loci
The ~3 megabase (Mb) IgH locus in mice is located at the telomeric end of chromosome
12 (Figure 2A). The 5’ variable region contains ~150 VHs (varies between mouse strains)
distributed across 2.7Mb. A 100kilobase (kb) intergenic region separates the VHs from the
downstream 10-15 Ds and 4 JHs region that is approximately 50kb. The 3’ constant (C) region
contains eight sets of CH exons that dictate Ig isotypes involved in antibody effector functions
during an immune response. An IgH intronic enhancer (iEµ) lies between the variable and
constant regions and is required for efficient V(D)J recombination, while a 3’ regulatory
(enhancer) region (3’RR) lies downstream the constant region and has not been shown to play a
role in regulating V(D)J recombination (Afshar et al., 2006; Perlot et al., 2005). The 3’RR is,
however, required for efficient class switch recombination (CSR), another programmed
rearrangement process that dictates CH exon choice in mature B cells (Pinaud et al., 2011).
While there are two IgL loci in mice, the majority of IgL chains are encoded by the Igκ
locus, which has ~100Vκ segments compared to the 3 Vλ segments in the Igλ locus (Gorman
and Alt, 1998) The 3.2 Mb Igκ locus is located on chromosome 6 and its ~100 Vκs are
distributed across 3.1Mb (Figure 2B). A 20kb intergenic region separates the Vκs from the
downstream 5 Jκs and one Cκ exon downstream. An intronic enhancer (iEκ) located between the
Jκ and Cκ regions, as well as two enhancers located downstream Ck (3’Eκ and Edκ) contribute
to efficient V(D)J recombination (Proudhon et al., 2015).
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Igκ locus

Figure 2. Ig loci organization.
(A) Immunoglobulin heavy chain locus. VHs are spread across the 5’ 2.7Mb region, separated
into sub-regions based on VH family location. Proximal VHs include VH7183 and VHQ52
families, distal VHs include VHJ558 and VH3609 families, and the middle VHs include all other
families in the intervening region. The downstream proximal region includes the Ds (black bars)
and JHs (orange bars), followed by iEµ (red oval) and the constant region exons (blue bars). The
3’RR (red bars) lies downstream the constant region. The VH-D intergenic region between the
VHs and downstream Ds is approximately 100kb. (B) Immunoglobulin kappa light chain locus.
Vκs (green bars) are spread across a 3.2Mb region, followed by a Vκ-Jκ intergenic region, and
the Jκ segments (yellow bars) and constant region exon downstream (blue bar). Three enhancers
(black ovals) are located at various sites downstream the variable region of the locus. Figures
adapted from Proudhon et al., 2015, Ebert et al., 2015.
1.3 V(D)J recombination mechanism
V(D)J recombination is carried out by the lymphocyte-specific Recombination Activating
Gene (RAG) endonuclease and the ubiquitously expressed classical non-homologous end-joining
(C-NHEJ) pathway (Taccioli et al., 1993). Two RAG1 and two RAG2 subunits assemble to form
a RAG heterotetramer that recognizes and binds recombination signal sequences (RSSs). RSSs
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are comprised of a consensus heptamer (5’-CACAGTG-3’) and nonamer (5’-ACAAAAACC-3’)
separated by a non-conserved 12- or 23-bp spacer (Schatz 2010). RAG binds and introduces
double strand breaks (DSBs) at the juncture of a pair of RSSs and their associated coding
segments (Figure 3). Resultant RSS signal ends (SEs) are blunt and 5’ phosphorylated, while
coding ends (CEs) contain a closed covalent hairpin structure (Schatz and Swanson, 2011).
These asymmetric broken ends are held in a post-cleavage synaptic complex that then, through
mechanisms still not well understood, shuttles the broken ends into the C-NHEJ pathway that
enables joining of SEs to SEs and CEs to CEs (Kumar and Alt, 2016).

A.

12bp
Coding (V/D/J)

5’-CACAGTG

ACAAAAACC-3’
23bp

Heptamer

Spacer

Nonamer

RAG-initiated
break site

B.
Blunt, 5' phosphorylated
RSS ends

Binding
D

J

Cleavage

RAG1
RAG2

Covalently closed
hairpin coding ends

Figure 3. RAG-mediated V(D)J recombination.
(A) Coding segment (orange rectangle) and adjacent recombination signal sequence (gray
triangle). (B) RAG-mediated cleavage between a D and J segment produces asymmetric DSB
ends.
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While SEs are largely joined without end-processing, CEs are processed for deletion or
addition of nucleotides prior to joining. The CE hairpin structure is opened at either the hairpin
apex or a few nucleotides 5’ or 3’ of the apex. In the latter cases, a single-stranded overhang
sequence is created that can subsequently be filled in by polymerases and lead to the formation
of non-germline palindromic ‘P’ nucleotides at coding joins (Figure 4) (Lafaille et al., 1989)
(McCormack et al., 1989). Alternatively, random non-templated nucleotides can be added to
3’OHs of CEs by the terminal deoxynucleotidyl transferase (TdT) to form ‘N’ nucleotide regions
at the juncture of resultant coding joins (Figure 4) (Kumar and Alt, 2016). TdT is expressed
during IgH rearrangements to diversify D-J and V-D junctions, which contributes greatly to the
diversity of resultant VDJH exons.

A.
B.

C.

D.

E.

Figure 4. End processing during V(D)J recombination.
(A) RAG generates DNA double-strand breaks (green arrow) between an RSS and a coding gene
segment, which (B) generates a hairpin structure at the coding end (CE). At this point, the
Artemis nuclease (denoted by red arrows) can cleave the hairpin structure at the apex (right) or
several nucleotides from the apex (left), leaving either an overhang or blunt end. After hairpin
cleavage, there are a series of further end-processing steps, which may lead to either addition of
non-germ line–derived nucleotides or loss of nucleotides. (C) After polymerase fill-in of the
overhang and ligation, a palindromic sequence (“P element,” green letters), which was not
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Figure 4 (Continued)
originally present in the germ line sequence, appears at the final junction. (D) TdT may add
random nucleotides to a CE (denoted in blue, to the right CE), which, after polymerase fill-in and
repair, leads to non-germline– encoded nucleotides at the coding join. (E) Nucleotides may be
deleted prior to joining by various exo- and endonucleolytic activities, resulting in a deletion at
the coding junction. Adapted from Kumar & Alt, 2016.
RAG preferentially recognizes and cleaves a synapsed 12-RSS and 23-RSS pair on
chromatin, regarded as the 12/23 rule (Schatz and Ji, 2011; Shetty and Schatz, 2015). Thus, the
organization of RSSs at V, D, and J segments dictates their recombination with each other and
prevents recombination between like segments (i.e. V-V joining). At the Igκ locus, Vκ and Jκ
segments have flanking 12-RSSs and 23-RSSs, respectively, which allows for Vκ to Jκ joining
in line with the 12/23 rule. At the IgH locus, VHs and JHs are flanked by 23-RSSs downstream
and upstream, respectively, while Ds are flanked on both ends by 12-RSSs. In line with the 12/23
rule, Ds can recombine with JHs and VHs, but VHs cannot recombine with JHs.
1.4 V(D)J recombination regulation
V(D)J recombination at Ig loci is tightly linked to B cell developmental stages (Figure 5).
V(D)J recombination at the IgH locus is ordered and stage specific, in that D-JH rearrangements
initiate in pre-progenitor (pro) B cells on both IgH alleles, followed by V-DJH rearrangements
one allele at a time in pro-B cells (Alt et al., 1984). Given the fixed splice sites between the
variable VDJH exon and downstream Cµ exons as well as the nucleotide processing that occurs
during coding join formation, VDJH exons have a one in three chance of producing an in-frame
IgH transcript that encodes a productive IgH chain. If the first V-DJH rearrangement is in-frame,
the µ-heavy chain is expressed as part of the pre-BCR complex that signals feedback inhibition
of V-DJH rearrangements on the second allele and promotes progression to the precursor (pre) B
cell stage (Mostoslavsky et al., 2004). If the initial allele produces a nonproductive VDJH exon,
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V-DJH proceeds on the second allele. This mono-allelic expression of IgH chains ensures that the
B cell has mono-specificity to antigen, a phenomenon termed ‘allelic exclusion’. In pre-B cells
Igκ and Igλ loci undergo a similarly feedback regulated rearrangement process to produce a
single IgL chain (Mostoslavsky et al., 2004). Association of IgH and IgL chains to produce a
membrane-bound BCR signals progression to the immature B cell stage and migration out of the
bone marrow. V(D)J recombination at Ig loci is also lineage specific, in that productive VDJH
and VJκ rearrangements only occur in developing B cells, while TCR loci rearrange specifically
in developing T cells (Jung et al., 2006).
IgH Gene Rearrangement
Pre-pro B

D-JH

IgL Gene Rearrangement

V-DJH

Immature B

Pre B

Pro B
Feedback &
Expansion
pre-BCR

V-Jκ/λ

B220+IgM+
Receptor
Editing
BCR

RAG-1 & RAG-2 Expression

Figure 5. V(D)J recombination is linked to developmental stage in B cells.
D-JH rearrangements occur in pre-pro-B cells, followed by V-DJH rearrangements in pro-B cells.
A productive VDJH rearrangements leads to IgH chain expression and assembly of a pre-BCR
receptor that prevents further V-DJH rearrangements in the cells and signals proliferation and
progression to the pre-B stage, where light chain rearrangements occur. A productive VJL chain
that pairs well with the heavy chain leads to the assembly of a BCR, progression to the immature
B cell stage, and exit from the bone marrow into the periphery. RAG is only expressed at
specific cell stages where Ig loci V(D)J recombination takes place.
1.4.1 Transcriptional and epigenetic correlates of IgH chromatin accessibility
RAG and the C-NHEJ pathway rearrange seven antigen receptor loci in a tightly
regulated manner so that three Ig loci rearrange in developing B cells and four Tcr loci rearrange
in developing T cells. This lineage-specific (and developmental stage-specific) regulation is
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ensured through differential chromatin accessibility of RAG to the various antigen receptor loci,
as was initially demonstrated by developmental stage-specific germline transcription of unrearranged VH segments (Yancopoulos and Alt, 1985; Yancopoulos et al., 1986). FISH studies
have also shown that the IgH locus is enriched at the nuclear periphery in developing T cells and
other hematopoietic progenitor cells, but repositioned to a more central location in pro-B cells
(Kosak et al., 2002; Roldán et al., 2005; Rother et al., 2016). This repositioning is temporally
aligned with IgH locus activation and the onset of V(D)J recombination. Several other correlates
such as non-coding transcription, DNA demethylation, chromatin remodeling, and histone
modifications have also been linked to RAG accessibility, and the establishment of active marks
within the D and JH region largely depends on iEµ (Bolland et al., 2004; Bossen et al., 2012;
Ebert et al., 2011; Kwon et al., 2000; Pulivarthy et al., 2016; Selimyan et al., 2013;
Subrahmanyam et al., 2012). RAG1 and RAG2 ChIP studies have revealed enrichment of RAG
predominantly at D-J regions in antigen receptor loci, marking these sites as ‘recombination
centers’ (RCs) where RAG is recruited and subsequent V(D)J rearrangements take place (Ji et
al., 2010; Schatz and Ji, 2011). At the IgH locus, the RC spans the last D segment, DQ52, to JH4
(Ji et al., 2010).
1.4.2 IgH locus contraction
FISH studies have shown that average spatial distances between the distal VH, proximal
VH, and CH regions is decreased for IgH alleles in pro-B cells relative to pro-T cells (Kosak et
al., 2002). This locus compaction is also stage-specific, as further studies showed both IgH
alleles in pre-pro-B cells and non-productive DJH rearranged IgH alleles in pre-B cells to be
relatively de-contracted (Roldán et al., 2005; Sayegh and Murre, 2005). This phenomenon,
termed locus contraction, led to the model that several sites in the 2.7Mb region containing the
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widely dispersed VHs come in contact with the downstream 3’ end of the IgH locus during V(D)J
recombination to ensure equal availability of both distal and proximal VHs to downstream DJHs.
Evidence for this model was provided in pro-B cells lacking the transcription factors Pax5 or
YY1, which are both required for IgH locus contraction (Fuxa et al., 2004; Liu et al., 2007a).
Pro-B cells lacking either factor did not rearrange distal VH segments and gave rise to less
diverse overall VH usage patterns (Fuxa et al., 2004; Liu et al., 2007a; Nutt et al., 1997; Roldán
et al., 2005).
Further FISH studies showed that distal VH regions and proximal VH regions form
distinct multi-rosette loops separated from each other in pre-pro-B and pro-T cells, but which
interact with each other and the downstream D and JH region in pro-B cells (Jhunjhunwala et al.,
2008). Furthermore, there are several conserved regulatory elements in the distal VH region,
termed Pax5-activated intergenic repeat (PAIR) elements, which bind Pax5, E2A, YY1, CTCF,
and cohesin (Ebert et al., 2011; Medvedovic et al., 2013). CTCF and cohesin co-bind at several
sites besides PAIR elements throughout the VH region, as well as in the downstream D-JH-CH
region (Degner et al., 2009). shRNA knockdown studies of either CTCF or cohesin led to
moderate IgH locus de-contraction in pro-B cells, implicating a role for both factors in locus
contraction (Degner et al., 2011). Additionally, CTCF can form interactions with itself, YY1,
and Pax5, which could contribute to the formation of multi-rosette loop structures observed via
3D-FISH (Donohoe et al., 2007; Ebert et al., 2015; Jhunjhunwala et al., 2008; Medvedovic et al.,
2013).
1.5 Mechanisms to restrict RAG activity
While V(D)J recombination largely occurs between a pair of bona-fide 12- and 23-RSSs,
low-level off-target rearrangements to cryptic RSSs located outside antigen receptor loci can lead
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to oncogenic translocations. However, this risk is limited by temporal and spatial restrictions on
RAG activity. For instance, due to its absolute dependence on the C-NHEJ DSB repair pathway,
V(D)J recombination takes place exclusively in G1, when C-NHEJ dominates over other DSB
repair mechanisms (Kumar and Alt, 2016). This G1 restriction is further ensured by the
ubiquitin-mediated degradation of RAG2 at the G1/S stage transition (Desiderio, 2010).
Surprisingly, ChIP-seq studies have revealed that RAG can bind to several sites throughout the
genome (Ji et al., 2010; Teng et al., 2015). The RAG2 subunit has a C-terminal PHD domain that
recognizes and binds H3K4me3 histone marks associated with transcription start sites (TSSs)
(Liu et al., 2007b; Matthews et al., 2007). The RAG1 subunit, which recognizes and
accommodates RSS sequence variations, also co-binds with RAG2 and the H3K4me3 mark at
several thousand sites in developing lymphocytes (Teng and Schatz, 2015). However, cryptic
RSSs are largely depleted from gene-promoter regions where RAG1/2 most highly binds, thus
pointing to a possible evolutionary adaptation to prevent ectopic RAG activity in spite of its
widespread binding (Teng et al., 2015). In this regard, we, along with others, have recently
shown that insertion of a pair of bona-fide RSSs into various sites throughout the genome creates
RAG recombination hotspots (Hu et al., 2015; Teng et al., 2015).
1.5.1 RAG tracks within loop domains
RAG is activated upon binding a pair of 12- and 23- RSSs as a hetero-tetramer (two
RAG1/2 subunits), but in vitro studies have shown this binding interaction to be reversible (Kim
et al., 2015; Lovely et al., 2015; Ru et al., 2015). If also true in vivo, multiple RSSs in the RAG
complex could be exchanged prior to cleavage, thus increasing the relative diversity of
recombination products. The Alt lab used the linear amplification mediated high throughput
genome-wide translocation sequencing (LAM-HTGTS) method to detect RAG-mediated breaks
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occurring at ectopically inserted bona-fide RSSs. While the majority of joins were between the
two bona-fide RSSs, LAM-HTGTS also revealed RAG-mediated joining between the ectopically
inserted bona-fide RSSs and several ‘CAC’ sequences not associated with a bona-fide RSS (Hu
et al., 2015). Thus, at non-antigen receptor loci, the loss of one bona-fide RSS from the RAG
complex can lead to its exchange for a cryptic ‘CAC’ RSS. These RAG off-target events were
also orientation specific, in that partner cryptic ‘CAC’ motifs were convergently oriented relative
to the bona-fide RSS. Similar Cas9-mediated cuts at the same site did not display orientationspecific joining, indicating this is a RAG-specific property (Hu et al., 2015). Thus, we proposed
a model in which activated RAG subunits track linearly along the DNA in opposite directions to
find convergent partner cryptic RSSs (Figure 6) (Hu et al., 2015). Furthermore, this off-target
activity ends at boundaries of loop domains flanked by convergent CTCF binding elements
(CBEs) (see section 1.7.1). Therefore, while bona-fide RSS pairs create hotspots of RAG offtarget activity that could lead to oncogenic translocations or deletions, chromatin loop domains
restrict RAG activity and thus promote genome stability. A physiological role for RAG tracking
has also been investigated at the IgH and Tcrd loci, which will be discussed in section 1.8.4.
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Figure 6. RAG Linear Tracking Model.
(A) Linear map of a domain containing two bona-fide RSSs and cryptic CAC RSSs. (B)
Activation of RAG by paired bona-fide RSSs in the CTCF/cohesin-anchored loop domain. (C)
One bona-fide RSS may escape at a very low frequency leaving the activated complex. (D) A
CAC in convergent orientation of the remaining bona-fide RSS binds to RAG to facilitate
cleavage or initiate unidirectional tracking. (E) Further tracking resulting in usage of another
convergent CAC. (F) RAG tracking in the loop in either direction is stopped by the boundary
formed by the CTCF/cohesin complex. (G) Joining products from pairing and cleavage between
remaining bona fide RSS and convergent CACs. Adapted from Hu et al., 2015.
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1.6 Genome organization into TADs
The mammalian genome is organized into stable sub-mega-base (Mb) topologically
associating domains (TADs) during interphase (Dixon et al., 2012; Nagano et al., 2017; Nora et
al., 2012). These TADs are defined based on Hi-C data which show 2-3 times higher interaction
frequencies within these domains compared to adjacent regions outside the domain (Dixon et al.,
2012; Nora et al., 2012). TAD boundaries are largely invariant across tissue types and conserved
between species, but their association with active ‘A’ or inactive ‘B’ compartments of the
genome can vary during development and is correlated with changes in gene expression
programs and chromatin state (Dixon et al., 2012; Nora et al., 2012; Lieberman-Aiden et al.,
2009; Vietri Rudan et al., 2015).
TAD boundaries are enriched for CCCTC-binding factor (CTCF), a highly conserved 11
zinc-finger protein that recognizes and binds a conserved 14-bp DNA sequence termed CTCF
binding element (CBE) (Nakahashi et al., 2013; Ong and Corces, 2014). CTCF has diverse roles
in gene regulation, including promoter activation/repression, long-range chromosome
interactions, and insulation activity (Ong and Corces, 2014; Ghirlando and Felsenfeld, 2016).
Initially identified as a transcriptional regulator of the chicken c-myc gene, CTCF binding to
insulating elements in the b-globin and igf2/h19 imprinting loci was later shown to be critical for
blocking enhancer-promoter interactions (Ghirlando and Felsenfeld, 2016; Lobanenkov et al.,
1990). Recent studies have shown that enhancer activity is largely restricted to TADs within
which they are located, and disruption of CBEs located at TAD boundaries can lead to ectopic
enhancer-promoter interactions and/or aberrant gene activation (Hnisz et al., 2016; Lupiáñez et
al., 2015; Narendra et al., 2015; Symmons et al., 2014). Depletion or degradation of CTCF also
results in disruption of TAD boundaries and the loss of insulation between TADs (Nora et al.,
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2017; Zuin et al., 2014). Thus, CTCF binding at TAD boundaries is critical for mediating gene
expression programs.
1.6.1 TAD and sub-TAD boundary interactions are enriched for convergent CBE pairs
CBE sequences are non-palindromic and thus have an orientation. The G-rich strand (5’CCACNAGGTGGCAG-3’) is often defined as the ‘forward’ orientation, while its reverse
complement C-rich strand is considered to be the ‘reverse’ orientation (Nakahashi et al., 2013).
The C-terminal and N-terminal ends of the CTCF protein binds the 5’ and 3’ ends of a forward
oriented CBE, respectively. Furthermore, CBE pairs can be ‘upstream forward and downstream
reverse’ (convergent), ‘upstream reverse and downstream forward’ (divergent), or ‘upstream and
downstream forward’ or ‘upstream and downstream reverse’ (same orientations). Higherresolution Hi-C data has led to the characterization of sub-TAD contact domains that average
185kb and whose boundaries are also enriched for CTCF binding (Rao et al., 2014). Many of
these contact domain boundaries form a corner ‘peak’ on Hi-C maps, thus indicating the
formation of CBE-anchored chromatin loops(Rao et al., 2014). The two CBEs that interact at
loop domain anchors are majorly (92%) oriented convergent relative to one another, although a
low number of CBE pairs positioned in same orientations are also observed (Rao et al., 2014)
(Gómez-Marín et al., 2015; Guo et al., 2015; Vietri Rudan et al., 2015). Inversion of convergent
CBE pairs known to anchor loop domains disrupted the loop domain and, in some cases, led to
the formation of a novel loop interaction with new convergent CBE partners (de Wit et al., 2015;
Guo et al., 2015; Sanborn et al., 2015). Thus, CBE orientation appears to determine loop
formation.
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1.6.2 Cohesin-mediated loop extrusion
In addition to CTCF, CBEs at TAD and contact domain boundaries are also enriched for
cohesin binding (Dixon et al., 2012; Rao et al., 2014). Cohesin is a ring-shaped complex critical
for sister chromatid cohesion during metaphase, but also functions in interphase (Sexton and
Cavalli, 2015). Depletion of CTCF reduces cohesin enrichment at CBE loop anchors and is
correlated with weakened TAD boundaries, indicating that cohesin is required for CTCFmediated loop interactions and TAD formation (Zuin et al., 2014). However, depletion of
cohesin does not appear to affect CTCF binding at TAD boundaries (Zuin et al., 2014)
(Merkenschlager and Nora, 2016; Sofueva et al., 2013). Thus, CTCF appears to direct the
enrichment of cohesin at CBEs.
The apparent preference for convergent CBE pairs in the formation of long-range loop
interactions, along with its co-enrichment of CTCF and cohesin, has led to the revival of a loop
extrusion model to explain the formation of these loop domains (Nasmyth, 2001; Fudenberg et
al., 2016; Sanborn et al., 2015). In this model, one or two tethered cohesin ring complexes load
onto DNA and extrude linearly in opposite directions in an ATP-dependent manner, leading to
the formation and enlargement of a chromatin loop. The continuous extrusion of DNA through
cohesin complexes would bring adjacent sites on the genome into close proximity with one
another, explaining the predominance of intra-TAD contacts over inter-TAD contacts that would
be predicted to occur by 3D diffusion (Sanborn et al., 2015; Fudenberg et al., 2016). Extrusion
would be terminated when cohesin subunits either fall off the DNA or encounter the 3’ end of a
‘forward’ CBE motif that is bound by CTCF. This model would explain the enrichment of
cohesin at CBEs, the convergent orientation of CBEs at TAD boundaries, as well as the
enlargement of TAD loops observed upon CBE mutation (Dekker and Mirny, 2016).
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Additionally, the linear movement of cohesin along DNA in the loop extrusion model is
reminiscent of linear RAG tracking within (and restricted to) loop domains, suggesting these two
processes could overlap in regards to a mechanism for moving linearly along DNA (Dekker and
Mirny, 2016; Hu et al., 2015).
1.7 CTCF-binding elements at the IgH locus
Ten CBEs in the IgH locus were initially identified downstream the 3’RR (“3’CBEs”) via
DNaseI hypersensitivity assays, followed by the identification of ~60 CBEs throughout the VH
region and two CBEs in the VH-D intergenic region via CTCF and Rad21 (cohesin subunit)
ChIP-chip studies (Degner et al., 2009; Garrett et al., 2005) (Figure 7). The CBEs in the Dproximal VH region are positioned just downstream the RSSs of functional VHs, while the CBEs
in the D-distal VH region are interspersed between VH segments and/or lie in PAIR elements
(Ebert et al., 2015; Proudhon et al., 2015). All CBEs within the VH region lie in a forward
orientation, while those in the 3’CBEs lie in a reverse orientation. The two CBEs in the VH-D
intergenic region are divergent from one another, in that the upstream VH-proximal CBE1 is in
reverse orientation, while the downstream D-proximal CBE2 is in forward orientation. Thus, the
CBEs in IgH are highly organized by domain and have been the focus of studies to determine
their role in regulating V(D)J recombination, potentially through mediating the formation of
long-range loop interactions (Alt et al., 2013). We discuss these studies in depth below, with a
focus on the two CBEs within the VH-D intergenic region that have been extensively
characterized in Chapters 2 and 4 of this dissertation.
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Figure 7. CTCF binds to multiple sites throughout the IgH locus.
Pro-B CTCF ChIP-seq peak data are shown with an annotation track and enlarged views (above,
left to right) of a portion of the distal VH, proximal VH, IGCR1, and 3’CBE regions. CBEs are
indicated by pink triangles. VH-associated CBEs and IGCR1 CBE2 lie in forward orientation,
while IGCR1 CBE1 and 3’CBEs lie in reverse orientation. Adapted from Lin et al., 2015.
1.7.1 IGCR1 controls V(D)J recombination
The Alt lab characterized the 4.1kb Intergenic Control Region 1 (IGCR1) that
encompasses CBE1 and CBE2 in the VH-D intergenic region using mice that contained a
deletion of IGCR1 (IGCR1-/-) or scramble mutations of both IGCR1 CBE1 and CBE2
(CBE1&2-/-), so that CTCF can no longer bind. IGCR1-/- and CBE1&2-/- mice showed
increased germline-transcription and active histone marks at D-proximal VH81X, leading to its
dominant usage in pro-B cells (Guo et al., 2011b). Normally already relatively highly utilized for
primary VH to DJH rearrangements, VH81X is counter-selected due to auto-reactivity and poor
pairing with IgL chains, leading to low representation in mature antibody repertoires (Boekel et
al., 1997; Malynn et al., 1990; Yancopoulos et al., 1984). Consistent with this observation, mice
containing one wild-type IgH allele and one IGCR1- or CBE1&2-mutated IgH allele expressed
VDJH-Cµ µ-heavy chains overwhelmingly from the wild-type allele, likely because the majority
of mutated IgH alleles contained productive VH81X-DJH exons that were then counter-selected
(Guo et al., 2011b). Thus, IGCR1 increases the diversity of the primary BCR repertoire by
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preventing prematurely activated VH81X from blocking DJH substrates that distal VHs can then
join to.
Both IGCR1-/- and CBE1&2-/- mice were also found to undergo direct VH-D
rearrangements in pro-B cells and V-DJH rearrangements in developing T cells, largely involving
the use of VH81X, and neither of which occur in wild-type mice. The IGCR1-deletion and
CBE1&2 mutations also led to (primarily VH81X) VH-DJH rearrangements in the presence of a
pre-rearranged productive VDJH knock-in IgH allele. Thus, IGCR1 and its two CBEs are
required for ordered, lineage-specific, and feedback-regulated V(D)J recombination (Guo et al.,
2011b).
In Chapter 2 of this dissertation, we investigated the individual contributions of CBE1
and CBE2 to IGCR1 functions (Lin et al., 2015). Both CBE1 and CBE2 were required for
ordered, lineage-specific, and feedback regulated V(D)J recombination, largely through
preventing proximal VH81X usage (Lin et al., 2015). However, the loss of both CBE1 and CBE2
led to a more severe phenotype than loss of either CBE alone. These data, along with recent
insights into genome-wide CBE-based loop interactions, led us to propose a looping model to
explain IGCR1-mediated control of IgH V(D)J recombination, described in depth below.
1.7.2 CBE-based loop interactions in the IgH locus
3D-FISH experiments in RAG1-deficient pro-B cells showed increased overall levels of
spatial distance between the distal and proximal VH locales upon shRNA-mediated knockdown
of CTCF or cohesin subunit Rad21, implicating a role for CTCF and cohesin in locus contraction
(Degner et al., 2011). However, 3D-FISH on CBE1&2-mutated pro-B cells using similarly
placed probes did not reveal a statistically significant change in spatial distance between the
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distal and proximal VH locales compared to wild-type pro-B cells (Medvedovic et al., 2013).
Therefore IGCR1 CBE1 and CBE2 alone are not required for locus contraction.
IGCR1 does form loop interactions with iEµ and the 3’CBEs locales that are abrogated in
IGCR1-/- or CBE1&2-/- mice (Degner et al., 2011; Guo et al., 2011b). Thus, these IGCR1-iEµ
and IGCR1-3’CBEs loops likely sequester the D, JH, and iEµ region into a distinct domain to
insulate iEµ activity from upstream VHs and promote D-JH rearrangements. Once D to JH
rearrangements have occurred the negative IGCR1 function must be somehow neutralized to
allow for V to DJH rearrangements to occur. Interactions between the CBEs in the VH region and
IGCR1 CBEs have been proposed to promote the recruitment of VHs to downstream DJH
intermediates subsequent to locus contraction (Degner et al., 2011). In this regard, IGCR1 does
interact with the proximal VH locale based on 4C-seq studies (Medvedovic et al., 2013).
However, mutations of specific VH-associated CBEs are necessary to determine the functional
importance of these interactions.
Beyond IGCR1-based loops, Hi-C studies have shown that the 3’CBEs act as a superanchor by forming a TAD boundary and interacting not only with IGCR1, but with sites across
the entire IgH locus (Benner et al., 2015; Rao et al., 2014). Thus, the 3’CBEs have been
proposed to spatially confine the IgH locus within a TAD to increase contact frequencies and
promote recombination between the VHs spread across 2.7Mb and the downstream DJH region
(Benner et al., 2015; Lucas et al., 2014). While deletion of eight of the ten 3’CBEs did not yield
significant changes in VH usage, there was an observed decrease in the IGCR1-3’CBEs
interaction based on 3C assays and increased spatial distance between distal and proximal VH
regions based on 3D-FISH (Volpi et al., 2012). However, the IgH locus de-contraction was not at
levels observed with CTCF knockdown experiments and a complete deletion of the 3’CBEs is
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necessary to clarify the extent to which the 3’CBEs mediate IgH locus contraction and V(D)J
recombination.
1.7.3 An orientation-dependent looping model for CBE-based interactions
We proposed that the IGCR1 CBEs, which are divergently oriented from one another,
could be forming distinct loop interactions with their convergent CBE partners in the IgH locus
(Lin et al., 2015). There are three classes of convergent CBE pairs in the IgH locus that could
facilitate loop formation, two of which would involve the IGCR1 CBEs. A VH-associated CBEsCBE1 loop could sequester the VHs away from downstream iEµ and prevent premature proximal
VH rearrangements with un-rearranged Ds, while a CBE2-3’CBEs loop could sequester the D-JHiEµ region away from upstream VHs to prevent premature proximal VH activation and promote
D-JH rearrangements (Figure 8). Mutation of IGCR1 CBE1 or CBE2 would lead to the loss of
the VH-associated CBEs-CBE1 or CBE2-3’CBEs loop, respectively, and the corresponding
formation of a novel loop between the convergently paired VH-associated CBEs and 3’CBEs
(Figure 8). This novel loop would bring the D-JH-iEµ region into the same domain as the
proximal VHs, thus explaining the loss of iEµ insulation and resultant premature proximal
VH81X rearrangements observed in CBE1-/- and CBE2-/- pro-B cells (Figure 8) (Lin et al.,
2015). Loss of both IGCR1 CBE1 and CBE2 would lead to the sole formation of the VHassociated CBEs-3’CBEs loop in all cells, thus explaining the more severe deregulation of V(D)J
recombination in CBE1&2-/- pro-B cells (Lin et al., 2015). In Chapter 4 of this dissertation, we
test this orientation-specific CBE-based looping model by identifying CBE1- and CBE2-specific
loop interaction partners. We further determine changes in loop interactions upon individual
IGCR1 CBE mutations to abrogate CTCF binding or invert CBE orientation.
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Figure 8. Orientation-dependent looping model for IGCR1 CBE1 vs. CBE2 in IgH V(D)J
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recombination control.
Potentially relevant intra-IgH loops that could be predicted to form between the IGCR1 locale
and the proximal VH CBEs and the 3’CBEs in WT (A), CBE2-mutated (B), CBE1-mutated (C),
and CBE1&2 mutated (D) pro-B cells at the stage of normal D-to-JH recombination.
1.7.4 RAG tracking at the IgH locus
Beyond at sites containing ectopically inserted RSSs, the Alt lab has also demonstrated
RAG tracking activity at antigen receptor loci. LAM-HTGTS with a primer upstream the 5’DRSS of a DJH-rearranged intermediate in a v-Abl pro-B line revealed a low proportion of joins
between the 5’D-RSS and convergent ‘CAC’ motifs in the IgH locus not associated with bonafide RSSs (Hu et al., 2015). The majority of these cryptic ‘CAC’ joins were restricted to the RCcontaining DQ52-JH region flanked upstream by IGCR1 and downstream by the 3’CBEs, termed
the RAG ‘recombination domain’ (Hu et al., 2015; Y. Zhang & F. Alt, unpublished). Deletion of
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IGCR1 resulted in the spreading of convergent ‘CAC’ joins ~120kb upstream beyond IGCR1
into the proximal VH region, consistent with the dramatic overutilization of VH81X observed in
IGCR1-/- mice (Guo et al., 2011b; Hu et al., 2015). Thus, RAG tracking at the IgH locus is also
normally limited to a loop domain and disruption of its upstream IGCR1 boundary provides
further evidence for the importance of an insulating IGCR1-3’CBEs loop in regulating V(D)J
rearrangements.
1.8 CTCF-mediated loop interactions and RAG tracking at other antigen receptor loci
1.8.1 Tcra/d locus
The Tcrd locus also contains CBE-based loop domains that restrict RAG tracking activity
(Zhao et al., 2016). The INT1/2 and TEA elements at the Tcrd locus constitute a convergent
CBE pair and form an INT2-TEA loop that flanks the Tcrd D and J segments-encompassing RC.
Similar to deletion of IGCR1 at the IgH locus, deletion of the INT1/2 region leads to spreading
of RAG tracking upstream INT1/2 and a corresponding increase in proximal Trdv2-2 and Trdv3
segment rearrangements (Chen et al., 2015; Zhao et al., 2016). Insertion of an ectopic CBE at Ed,
situated between INT1/2 and TEA, leads to a novel INT2-Eδ loop and restriction of RAG
tracking to the INT2-Eδ region (Chen et al., 2016). Thus, both deletion and insertion of CBEs
that lead to the disruption or formation of novel loops dictate regions where RAG can track along
the chromosome.
The INT2 CBE and ectopic Eδ CBE are both forward oriented and both convergently
oriented relative to the TEA CBE. However, the ectopic CBE only increased interactions
between Eδ and the upstream same oriented INT2 CBE, and not with the downstream
convergently oriented TEA CBE (Chen et al., 2016). This is in contrast to the recent studies
demonstrating a strong bias for convergent CBE pairs in TAD and contact loop domain
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boundaries (de Wit et al., 2015; Guo et al., 2015; Rao et al., 2014; Sanborn et al., 2015; Vietri
Rudan et al., 2015). Of note, while other CTCF-mediated loops within the Tcra/d locus mediate
V(D)J recombination, not all are between convergent CBE pairs (Carico and Krangel, 2015;
Chen et al., 2015; Shih et al., 2012). INT1 and Eα in the Tcra/d locus each form CBE-based
long-range interactions with sites in the upstream Trdv and Trav regions that are mediated
between CBE pairs oriented in the same direction (Chen et al., 2015; Shih et al., 2012).
1.8.2 Igk locus
The Igκ locus contains CBEs throughout the Vκ region and at two regulatory elements in
the Vκ-Jκ intergenic region, termed Cer and Sis. The two CBEs in upstream Cer are reverse
oriented and the two CBEs in downstream Sis are forward oriented. Thus, Cer and Sis CBEs are
divergently oriented from one another and, similar to IGCR1 in the IgH locus, their dual deletion
leads to an increase in proximal Vκ usage (Guo et al., 2011b; Xiang et al., 2014). In contrast to
the IgH locus whose VH segments are all oriented for deletional joining to DJH segments, Vκ
segments are oriented for both deletional and inversional joining to Jκ segments downstream. In
this regard, CBEs throughout the Vκ region lie in both forward and reverse orientations,
although there does not appear to be a correlation between CBE orientation and its nearest
associated Vκ segment (Proudhon et al., 2015). The different orientations of Vκ segments
provide an ideal setting to investigate a role for linear RAG tracking in mediating Vκ-Jκ
rearrangements. One would predict that RAG tracks within a domain flanked upstream by
Cer/Sis. Upon deletion of Cer/Sis, RAG could track upstream into the Vκ region and
preferentially mediate joining between convergently oriented Jκ- and Vκ-RSSs, but not between
Jκ- and Vκ-RSSs in the same orientations.
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1.9 Sequencing of antibody repertoires
The ability of a population of B cells to recognize and respond to a wide range of foreign
antigens is largely attributed to a diverse primary antibody repertoire wherein each B cell
contains a BCR with unique V(D)J-encoding antigen binding sites. Combinatorial diversity
arises through the assembly of different combinations of several possible Vs, Ds, and Js at the
IgH locus and several possible Vs and Js at the Igκ or Igλ loci to produce distinct IgH and IgL
chains, respectively. Further junctional diversity arises through the addition of P-nucleotides at
IgL V-J junctions, as well as the combined addition of P- and N-nucleotides at IgH V-D and D-J
junctions (Kumar and Alt, 2016). For both IgH and IgL variable regions, there are three
‘hypervariable’ complementary determining regions (CDRs) involved in antigen contact that are
flanked by more conserved ‘framework’ (FWR) regions (Hwang et al., 2015). CDR1 and CDR2
are located in the germline V segments, whereas CDR3 spans the V(D)J junction and is the most
diverse, given its generation through combinatorial and junctional diversification mechanisms.
Thus, the V(D)J recombination process creates the diversity in primary BCR repertoires essential
for an effective adaptive immune response.
Characterization of antibody repertoires through high-throughput sequencing methods
has enabled in-depth evaluation of primary repertoire diversity and clonal selection during
immune responses. Thus, it has become a valuable tool for studying B cell development, vaccine
development, and the identification of novel antibodies. Many early DNA-based methods
utilized multiple degenerate primers that would anneal to various V family segments and J
segments. However, this method introduces biases due to preferential amplification of some V
sequences over others (Arnaout et al., 2011; Khan et al., 2016). This issue could be obviated with
RNA-based 5’RACE methods which utilize a single primer downstream the J segment that can
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amplify through the upstream V(D)J exon (Shugay et al., 2014). However, because expression of
antibodies varies between cells within a bulk population, RNA-based methods require more
extensive sequencing than DNA-based methods.
Despite best efforts during library construction, errors during library sequencing can
introduce artificial inflation of unique V(D)J sequences. Efforts to circumvent this problem have
led to the use of unique molecular identifiers (UIDs) and/or single cell methods (Shugay et al.,
2014; Egorov et al., 2015; Khan et al., 2016; Sundling et al., 2014). UIDs are random barcode
sequences typically added on as a 5’ overhang to primers used in the initial cDNA amplification
step of 5’RACE. Thus, library sequences containing the same UID are presumed to originate
from the same cDNA and considered duplicates. The use of UIDs can distinguish between
identical V(D)J exon sequences from different cells, which can occur for VDJH exons since
developing B cells proliferate during the transition between IgH and IgL chain rearrangements
(Jung et al., 2006). It can furthermore aid in the identification and confirmation of rare clones
that arise during affinity maturation after undergoing somatic hypermutation (Hwang et al.,
2015).
Single cell methods involve sorting cells into individual wells and performing cDNA
amplification using barcoded primers specific to each well (Busse et al., 2013). Isolation of
single cells provides a further advantage in that variable VDJH and VJL exon pairs from each cell
can be identified and to aid in vaccine profiling or identification of antibodies of interest
(Friedensohn et al., 2017). For instance, single cell variable region pairing methods are being
applied to guide the vaccine development of broadly neutralizing antibodies against HIV (Tian et
al., 2016). Similarly, this method has recently been employed to characterize key characteristics
of CDR sequences from TCRs that bind to an antigen of interest (Glanville et al., 2017; Dash et
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al., 2017). These key sequences were sufficient to predict whether novel TCR sequences would
express protein that could bind to the same antigen of interest.
While there is a diverse array of antibody repertoire sequencing methods applicable to a
variety of study questions, these approaches are largely RNA-based and thus only allow for the
characterization of productive rearrangements. Current methods are being developed to address
this deficiency in recovering non-productive VDJH and VJκ rearrangements (Bolland et al.,
2016; Hu et al., 2015; Lin et al., 2016). A comprehensive view of both productive and nonproductive RAG-mediated rearrangements has been critical in our studies to understand the role
CBEs play in regulating V(D)J recombination at the IgH locus, as well as in our discovery of
RAG linear tracking activity (Hu et al., 2015). These discoveries were achieved through the use
of LAM-HTGTS, and we have further adapted the method to analyze antibody repertoires. This
adaptation, termed LAM-HTGTS-repertoire sequencing (HTGTS-Rep-seq), is described in
Chapter 3 of this dissertation.
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Chapter 2: CTCF-binding elements 1 and 2 in the IgH intergenic control region
cooperatively regulate V(D)J recombination

Adapted from:
Lin, S.G., Guo, C., Su, A., Zhang, Y., and Alt, F.W. (2015). CTCF-binding elements 1 and 2 in
the Igh intergenic control region cooperatively regulate V(D)J recombination. Proc. Natl. Acad.
Sci. U.S.a. 112, 1815–1820

2.1 Abstract
Immunoglobulin heavy chain (IgH) variable region exons are assembled from V, D, and J
gene segments during early B lymphocyte differentiation. A several megabase (Mb) region at
the "distal" end of the mouse Immunoglobulin heavy chain locus (IgH) contains hundreds of
VHs, separated by an intergenic region from IgH Ds ,JHs and constant region exons. Diverse
primary IgH repertoires are generated by joining Vs, Ds, and Js in different combinations, with a
given B cell productively assembling just one combination. The intergenic control region 1
(IGCR1) in the VH to D intergenic region regulates IgH V(D)J recombination in the contexts of
developmental order, lineage-specificity, and feedback from productive rearrangements. IGCR1
also diversifies IgH repertoires by balancing proximal and distal VH usage. IGCR1 functions in
all of these regulatory contexts by suppressing predominant rearrangement of D-proximal VHs.
Such IGCR1 functions were neutralized by simultaneous mutation of two CTCF-binding
elements ("CBE1" and "CBE2") within it. However, it was unknown whether just one CBE
mediates IGCR1 functions or whether both function in this context. To address these questions,
we generated mice in which either IGCR1 CBE1 or CBE2 was replaced with scrambled
sequences that do not bind CTCF. We found that inactivation of CBE1 or CBE2 individually led
to only partial impairment of various IGCR1 functions relative to the far greater effects of
inactivating both simultaneously, demonstrating that they function cooperatively to achieve full
IGCR1 regulatory activity. Based on these and other findings, we propose an orientationspecific looping model for synergistic CBE1 and CBE2 functions.
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2.2 Introduction
The B lymphocyte antigen receptor (BCR) is made of immunoglobulin (Ig) heavy (IgH)
and light (IgL) chains. T cells recognize antigen through related T cell receptors (TCRs). The Nterminal variable regions of Ig and TCR chains form the antigen-binding site. Each B cell
expresses a single unique antigen receptor. However, there is an immense diversity of different
antigen receptors expressed population-wide in different B cells, a phenomenon which relies on
assembly of exons that encode variable regions from germline V, D, and J gene segments (“Vs”,
“Ds”, and “Js”) during early B and T cell development (Cobb et al., 2006). V(D)J recombination
at both Ig and Tcr loci is carried out by a common V(D)J "recombinase". The Recombination
Activating Genes 1 and 2 comprise the lymphocyte-specific endonuclease ("RAG") that initiates
V(D)J recombination by generating DNA double strand breaks (DSBs) at recombination signal
sequences (RSSs) adjacent to participating Vs, Ds, and Js (Schatz and Ji, 2011). Subsequently,
RAG-cleaved segments are joined by classical non-homologous end-joining (Taccioli et al.,
1993).
In B cells, V(D)J exons are assembled within the Immunoglobulin heavy chain locus
(IgH) and within either of two Igl loci (Igκ; Igλ). The murine IgH spans 3 megabases (Mb) on
chromosome 12 (Figure 9). Approximately 150 VHs are scattered within a 2.7Mb upstream
portion of IgH, followed by a 100kb intergenic region that separates the most downstream VH
(VH81X) from the first of thirteen Ds (Perlot and Alt, 2008). Four JHs lie downstream of the Ds
and are separated from the first of eight sets of IgH constant region exons by a several kb region
that harbors the intronic IgH enhancer ("iEµ"). A second set of enhancers within the IgH 3’
regulatory region ("3’ Igh RR") lie approximately 200kb downstream just beyond the last set of
CH exons (Pinaud et al., 2011). V(D)J recombination at IgH is regulated on multiple levels, in
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each case via modulating accessibility of the substrate Vs, Ds and Js and their flanking RSSs to
RAG cleavage (Sleckman and Oltz, 2012; Yancopoulos and Alt, 1985). In this regard, IgH
V(D)J recombination events are ordered and stage-specific; D to JH joining occurs first, usually
on both alleles, in pre-progenitor B cells, followed by joining a VH to pre-assembled DJH
complex in progenitor B (pro-B) cells (Alt et al., 1984; 2013). In addition, V(D)J recombination
is lineage-specific; thus, although both developing B and T cells generate IgH DJH joins,
complete VHDJH joins only occur in B cells (Bates et al., 2007; Fuxa et al., 2004). Finally, V(D)J
recombination is feedback regulated in the context of allelic exclusion, with productive VHDJH
rearrangements that lead to IgH chain production inhibiting VH to DJH recombination events on
the other DJH allele in developing B cells (Alt et al., 1984; Mostoslavsky et al., 2004).
In the context of regulatory events outlined above, accessibility of particular RSSs to
RAG cleavage correlates with various factors including germline transcription of target gene
segments and certain chromatin modifications (Alt et al., 2013; Matheson and Corcoran, 2012).
Normal IgH V(D)J recombination also depends on iEµ; although residual V(D)J recombination
in the absence of this element implicates additional cis elements (Afshar et al., 2006; Perlot et al.,
2005). In addition, regulatory factors such as Pax5 and YY1, which bind to sites throughout IgH,
participate in a locus contraction process that brings distal VHs closer to DJH joins subsequent to
their formation to promote a more diverse set of primary V(D)J rearrangements (Bossen et al.,
2012; Hewitt et al., 2010; Medvedovic et al., 2011). During B cell development, cells deficient
for such factors fail to undergo IgH locus contraction and, as a result, predominantly rearrange
D-proximal VHs versus distal VHs (Hewitt et al., 2010; Medvedovic et al., 2011). Notably, the
most D proximal VH ("VH81X") is used preferentially during primary VH to DJH rearrangements
even in normal pro-B cells (Malynn et al., 1990; Yancopoulos et al., 1984). However, productive
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VH81X rearrangements are counter-selected due to auto-reactivity and poor pairing with IgL
chains, greatly reducing representation in antibody repertoires (Boekel et al., 1997).
Many aspects of IgH V(D)J recombination regulation, including order, lineage-specificity
and feedback control, as well as balanced usage of proximal and distal VHs, depend on integrity
of the intra-genic control region 1 (IGCR1) which, as a working definition, was ascribed to a
4.1kb DNA segment within the 100 kb VH81X to D intragenic region (Guo et al., 2011b).
Moreover, known IGCR1 functions depend on the integrity of two 20bp CTCF-binding elements
("CBEs"), termed CBE1 (upstream) and CBE2 (downstream) (Figure 9) that are separated by
about 2kb within IGCR1 (Chaumeil and Skok, 2012; Guo et al., 2011b). CTCF is a highly
conserved zinc-finger protein with diverse roles in gene regulation, including promoter
activation/repression, long-range chromosome interactions, and insulating activity (PhillipsCremins and Corces, 2009). Roles for IGCR1 and the two IGCR1 CBEs in regulating IgH V(D)J
recombination were discovered by the common phenotypes of mice in which either the 4.1kb
IGCR1 segment was deleted or in which IGCR1 CBEs within this segment were simultaneously
replaced with scrambled sequences (to generate "IGCR1/CBE1&2-/- " alleles) that do not bind
CTCF (Guo et al., 2011b). Both types of mutant mice displayed increased germline transcription
and premature rearrangement of VH81X and to a lesser extent several closely linked VHs on
mutant alleles, leading to breaks in ordered, lineage-specific, and feedback-regulated IgH V(D)J
recombination (Guo et al., 2011b). Thus, IGCR1, via a process that requires one or both CBEs,
promotes diverse antibody repertoires by preventing premature proximal VH rearrangement,
which can deplete DJH substrates for distal VH joining subsequent to locus contraction.
The IgH has a large number of CBEs with a strikingly suggestive organization (Alt et al.,
2013; Bossen et al., 2012; Guo et al., 2011b) (Figure 9; Figure 10). In this regard, CBEs lie just
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downstream of most proximal VH RSSs or dispersed among distal VH clusters (Degner et al.,
2009; Ebert et al., 2011). In addition there is a cluster of 10 CBEs just downstream of the IgH
3’RR, termed the 3’CBEs (Degner et al., 2009; Garrett et al., 2005). The IGCR1 locale interacts
with the 3'CBEs and with some VH CBEs in a manner dependent on integrity of its CBEs (Guo et
al., 2011b; Medvedovic et al., 2013). This body of findings led to proposals that interaction of
the IGCR1 CBEs with 3'CBEs or other downstream elements may sequester the D to JH portion
of IgH in a loop that contains iEµ and the 3'IgH RR and/or other elements to promote D to JH
recombination and that such loops exclude transcriptional activation and rearrangement of
proximal VHs (Alt et al., 2013; Degner et al., 2011; Guo et al., 2011a). Interaction of IGCR1
CBEs with upstream VH-associated CBEs also is speculated to play a positive role in promoting
VH to DJH pairing for V(D)J recombination (Bossen et al., 2012; Degner-Leisso and Feeney,
2010).
To elucidate potential roles for CBE1, CBE2 or both with respect to known IGCR1
functions in V(D)J recombination, we now have generated and analyzed mice in which either
one or the other IGCR1 CBE was individually replaced with scrambled sequence mutations.
100 kb
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VH

VH81X
VH7183.psi

2.7 Mb

200 kb

DH

CBE1

CBE2
2.6 kb

JH

Eµ

CH

DFL16.1
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DH

IGCR1, 4.1 kb
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CBE
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CBE1 mutation

loxP
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Figure 9. Mutation of Single IGCR1 CBEs.
Murine IgH locus schematic showing the IGCR1 region in WT relative to IGCR1/CBE1 mutated
and IGCR1/CBE2 mutated configurations. Symbols are indicated on the figure. CBE orientation
is indicated by direction of pink arrowheads (see text for details).
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IGCR1 3’CBEs

Pro-B
CTCF ChIP
Igh annotation
track

Distal VHs

Proximal VHs

100kb

D Hs

JHs iEµ

CHs 3’RR

Figure 10. CTCF binds to Multiple Sites Throughout the IgH Locus.
Publically available pro-B CTCF ChIP-seq peak data (Choi et al., 2013) is shown with an
annotation track below and enlarged views on top (left to right) of a portion of the distal VH,
proximal VH, IGCR1, and 3’CBE regions. CBEs are indicated by pink triangles. VH-associated
CBEs and IGCR1 CBE2 lie in one orientation while IGCR1 CBE1 and 3’CBEs lie in the
opposite orientation, as indicated by the pink triangle orientation.
2.3 Results
Replacement of CBE1 or CBE2 in Mice with a Scrambled Control Sequence
To determine whether the two CBEs within IGCR1 have overlapping, distinct, or
redundant roles in IgH V(D)J recombination control, we introduced a scrambled sequence that
has no CTCF binding activity (Guo et al., 2011b) into 129SV ES cells, either in place of the
CBE1 sequence to generate an IGCR1/CBE1- allele or in place of CBE2 to generate an
IGCR1/CBE2- allele. We then introduced these two mutations into the 129SV mouse germline
to assay potential effects on V(D)J recombination control (Figure 9, Figure 11). Based on our
gene-targeted replacement strategy, both IGCR1/CBE1- and IGCR1/CBE2- alleles retain an
inserted loxP site after cre-mediated deletion of a neomycin-resistance selection cassette.
However, our prior studies confirmed that control mice with a wild-type IGCR1, but which
contain the upstream loxP site, were indistinguishable from wild-type mice with respect to IgH
V(D)J recombination control (Guo et al., 2011b).
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Figure 11. Generation of IGCR1/CBE1 and IGCR1/CBE2 Mutant Mice.
(A) Schematic diagram of targeting strategy (see experimental procedures for details). (B)
Southern blotting confirmation of targeted ES clones with a 5’ probe, a 3’ probe, and a Neo
probe. TC1 is the 129/SV parental ES cell strain.
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Roles of IGCR1 CBE1 versus CBE2 in B cell development
Bone marrow ("BM") progenitor ("pro”) B cells undergo VH to DJH rearrangements,
which if productive ("in-frame") generate µ IgH chains that signal proliferation and progression
to the precursor (pre) B cell stage in which IgL variable region exon assembly occurs (Cobb et
al., 2006). Productive IgL rearrangements produce an IgL chain that can combine with the µ IgH
chain to form a surface BCR and lead to differentiation of B cells that migrate to peripheral
lymphoid organs such as the spleen. To probe for B cell developmental defects associated with
the mutant IgH alleles, we bred 129SV strain mice (which express the IgMa allotype) harboring
either an IGCR1/CBE1- or the IGCR1/CBE2- allele with C57BL/6 mice (which express the
IgMb allotype) to generate F1 mice that harbor a WT Igmb allele and either an IGCR1/CBE1- or
an IGCR1/CBE2- Igma allele. These F1 mice were assayed for the proportion of BM and splenic
IgM+ B cells that express surface IgMa versus IgMb. F1 mice with WT alleles have roughly equal
numbers of IgMa- and IgMb-expressing B cells in BM or the spleen, due to an equal chance of
forming a productive rearrangement on both alleles and the phenomenon of allelic exclusion (Alt
et al., 2013; Cobb et al., 2006) (Figure 12A,B; Figure 13A,B). However, while mice harboring
the IGCR1/CBE2- Igha allele were indistinguishable from WT mice with respect to IgMa versus
IgMb expression, mice harboring the IGCR1/CBE1-Igha allele had only half as many IgMaexpressing as IgMb-expressing B cells (Figure 12A,B; Figure 13A,B), despite having similar
total numbers of splenic B cells (Figure 13). While mutation of IGCR1 CBE1 had a greater
impact on ability of an IgH allele to support B cell development than mutation of IGCR1 CBE2,
the defect was not nearly as severe as that observed for IgMa/b F1 mice in which both IGCR1
CBEs were simultaneously mutated on the IgMa allele (Guo et al., 2011b).
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BCC

Figure 12. Effect of IGCR1/CBE Mutations on B Cell Development.
IgMb:IgMa expression ratios of IgMa and IgMb allotypic markers in (A) bone marrow and (B)
spleen from wild-type F1 IgMa/IgMb (BM m = 1.08±0.0502, N=12; Spl m = 0.857±0.0196,
N=11) and heterozygous mutant IGCR1/CBE1- IgMa/wild-type IgMb mice (BM m =
2.79±0.108, N=5; Spl m = 1.904±0.128, N=5) and IGCR1/CBE2- IgMa/wild-type IgMb mice
(BM m = 1.22±0.086, N=3; Spl m = 0.94±0.032, N=3). Horizontal lines indicate mean ± SEM.
P-values generated by unpaired student’s t test. Each data point was collected from different 4-6
week old mice; at least three mice were used for each genotype.
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Figure 13. Mutation of IGCR1/CBE1 impairs B cell development.
(A) Representative analyses of expression of IgMa and IgMb allotypic markers in bone marrow
from wild-type F1 IgMa/IgMb and heterozygous mutant IGCR1/CBE1- IgMa/wild-type IgMb and
IGCR1/CBE2- IgMa/wild-type IgMb mice. (B) As in A, except with spleen. Consistent results
for both (A) and (B) were found for at least three replicates (see Figure 2A & 2B). (C) Averaged
(± SEM) total B220+IgM+ spleen cell counts from WT (N=5), IGCR1/CBE1 (N=5), and
IGCR1/CBE2 (N=4) mice.
Roles of IGCR1 CBE1 versus CBE2 in Generation of the IgH V(D)J Repertoire
We employed a PCR-Southern approach (Guo et al., 2011b) to assay for proximal
(VH7183 family) and distal (VHJ558) VH to DJH rearrangements in pro-B and pre-B cells of wild62

type and mutant mice. Primers for either the proximal VH7183 family or the distal VHJ558
family were paired with a primer downstream JH4. PCR products were run on a gel, probed with
a 32P-labeled oligo that bound a region between JH3 and JH4, and then exposed via
autoradiography. The mouse Dlg5 gene was used as a loading control. The IGCR1/CBE2-/- proB cells and, even more so, IGCR1/CBE1-/- pro-B cells displayed increased VH7183- versus
VHJ558- to DJH rearrangements compared to WT, but not nearly to the extent observed in
IGCR1/CBE1&2-/- pro B cells with VH7183/VHJ558 ratios averaging approximately 1/1, 10/1,
3/1 and 40/1 for WT, IGCR1/CBE1-/-, IGCR1/CBE2-/-, IGCR1/CBE1&2-/- pro-B cells,
respectively (Figure 14A; three representative experiments are shown). Similar comparative
analyses of WT pre-B cells among the WT and various CBE-mutant pre-B cells indicated much
more modest differences in VH7183/VHJ558 utilization ratios (Figure 15A), likely due to
selective expansion of pre-B cells expressing more distal VH rearrangements as previously
discussed (Guo et al., 2011b).
Roles of IGCR1 CBE1 versus CBE2 in Ordered Rearrangement
Our previous studies on the IGCR1-/- and IGCR1/CBE1&2-/- mice revealed a break in
ordered V(D)J recombination, with VH to D rearrangements often preceding D to JH
rearrangements (Guo et al., 2011b). Thus, we sought to determine whether one or both of the
IGCR1 CBEs are required for maintaining ordered rearrangement. For this purpose, we assayed
for direct VH to D joins by using a forward VH81X primer with a reverse primer located between
DQ52 and JH1. By this method, we clearly detected direct VH-D joins in both pro-B and pre-B
cells in the IGCR1/CBE1-/- mice, albeit to a substantially lesser extent than observed in the
IGCR1/CBE1&2-/- mutants (Figure 14B; Figure 15B). We also observed a variable increase in
direct VH81X to DQ52 joins in IGCR1/CBE2-/- mutants (Figure 14B; Figure 15B). Thus, both
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JH3 rearrangements,
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to smallest products. We calculated by inspection
the approximate relative usage of VH7183 to VHJ558 for each sample in a given set based on
signals obtained with the 1X, 5X and 25X dilutions, and then expressed the relative values for
each sample from a given type of mutant pro-B cells relative to that of the WT sample which was
set as 1 (shown on the bottom of the panels for each experimental set). This approach is
analogous to one we have described previously (19,20). (B) We employed PCR to assay for
direct VH81X to DQ52 rearrangements using the same three sets of DNA samples (and dilutions)
as described for panel A; thus, the DLG5 loading controls are identical for each set of repeats
between A and B.
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Roles of CBE1 versus CBE2 in Maintaining Lineage-Specific VH to DJH Rearrangement
We used the same PCR-based assay described above to assay for VH to DJH
rearrangements in developing thymic T cells. A PCR assay for Igl Vκ-Jκ joins confirmed low to
no detectable B cell contamination in the CD4+/CD8+ thymocyte samples; while wild-type
splenic B cell DNA served as a positive control (Figure 16; three representative experiments are
shown). These analyses clearly revealed complete VH7183 to DJH but not VHJ558 to DJH joins
in both IGCR1/CBE1-/- and IGCR1/CBE2-/- thymocytes, albeit in either case not nearly to the
same extent as when both of the CBEs were mutated simultaneously (Figure 16). We also
assayed for direct VH81X to DQ52 joins in CD4+/CD8+ T cells from wild-type, IGCR1/CBE1-/-,
IGCR1/CBE2-/- and IGCR1/CBE1&2-/- mutants and detected direct joins in the IGCR1/CBE1/- and to a lesser extent in IGCR1/CBE2-/- thymocytes, albeit again in both cases at substantially
lower levels than observed in IGCR1/CBE1&2-/- mutant thymocytes (Figure 17). Thus, CBE1
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and CBE2 also appear to function cooperatively to maintain lineage-specific proximal VH
rearrangements.
V(D)J Rearrangements in DP-T Cells
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Figure 16. IGCR1/CBE1 and IGCR1/CBE2 mutations deregulate IgH V(D)J recombination in
thymocytes.
PCR analyses of IgH VH7183 and VHJ558 family V(D)J rearrangements in CD4+CD8+
thymocytes from indicated mice. The VκJκ panels are controls for potential B cell contamination
control and the Dlg5 lanes represent a loading control. 1X, 5X and 25X serial dilutions were
assayed for each sample as described in Figure 14. Bands from the VHDJH products are as
described in Figure 14. Each type of PCR for all three panels of samples were done at the same
time and run on the same gel together with the WT splenic B cell control, which is only shown
for the top panel. Three independent experiments, each from an independent mouse, are shown.
We also employed PCR analyses for direct VH81X to DQ52 rearrangement in CD4+CD8+
thymocytes from this same set of samples (shown in Figure 17).
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Figure 17. IGCR1/CBE1 and IGCR1/CBE2 mutations lead unordered VH to D Rearrangements
in Thymocytes.
PCR products for detecting direct VH81X to DQ52 joining events in CD4+CD8+ thymocytes
displayed by autoradiography (top) or phosphorimaging (bottom). DLG5 was used as a loading
control. Sample dilutions and PCR details are as described in Figure 14 and text.
Roles of IGCR1 CBE1 and CBE2 in Feedback Regulated VH to DJH Recombination
Surface staining of IgM+ splenic B cells from F1 mice containing a wild-type Igmb allele
and a IGCR1/CBE1- or a IGCR1/CBE2- Igma allele did not reveal IgMaIgMb double expressing
cells, indicating that neither mutation leads to a detectable break in allelic exclusion (Figure 13).
This finding is consistent with the prior observation that IGCR1/CBE1&2- IgMa allele in this F1
background did not break allelic exclusion (Guo et al., 2011b). On the other hand, prior studies
showed that, IGCR1/CBE1&2- IgMa VH to DJH rearrangements were not suppressed by a
productive VHDJH knock-in ("VB1-8 KI") on the other IgH allele (Guo et al., 2011b). Thus, we
similarly assayed for ability of a VB1-8 KI allele to suppress VH to DJH rearrangements on
IGCR1/CBE1-, and IGCR1/CBE2- IgH alleles. As expected, only very low levels of proximal
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VH7183DJH rearrangements were detected in splenic B cells from VB1-8 KI mice in which the
second allele was WT (Guo et al., 2011b) (Figure 18). In contrast, we observed increased
VH7183DJH rearrangements in splenic B cells from VB1-8 KI mice in which the second IgH
allele harbored the IGCR1/CBE2- mutation, and an even greater increase in those in which the
second allele harbored the IGCR1/CBE1- mutation (Figure 18). Nucleotide sequencing showed
that VHDJH rearrangements on the IGCR1/CBE1- allele were predominantly non-productive
VH81X rearrangements (Figure 19), consistent with patterns observed in IGCR1/CBE1&2mutants in this experimental setting (Guo et al., 2011b). Rearrangements from the IGCR1/CBE2alleles also were non-productive; but in the limited data set analyzed appeared to involve a wider
range of VH7183 segments (Figure 19). Thus, CBE1 also appears to play a more major role in
enforcing feedback regulation of proximal VHs than CBE2, but both together contribute to
achieving WT levels. Finally, consistent with previous observations in IGCR1/CBE1&2-/- mice
(22), distal VHJ558 segments on IGCR1/CBE1- and IGCR1/CBE2- alleles were still feedback
regulated by the VB1-8 KI allele (Figure 18).
V(D)J Rearrangements in VB1-8 KI Splenic B Cells
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Figure 18. IGCR1/CBE1 and CBE2 are Both Required for Feedback Regulation of Proximal VH
to DJH Recombination.
VHDJH rearrangements in pre-B and splenic B cells from VB1-8 knock in mice in which their
second IgH allele was either wild-type (“WT”), IGCR1/CBE1- (“CBE1-“), or IGCR1/CBE2(“CBE2-“). 1X, 5X and 25X serial dilutions were performed for each sample. Other details are as
described for Figure 14.
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Figure 19. Sequence Analysis of Proximal VHDJH Rearrangements that Escape
Feedback Regulation.
(Left) VH7183DJH PCR products cloned and sequenced from IGCR1/CBE1- mutated VB1-8
knock in mice (n = 11). (Right) VH7183DJH PCR products from IGCR1/CBE2- mutated VB1-8
knock in mice (n = 20).
2.4 Discussion
Our analyses of mice which harbor scrambled mutations of either IGCR1 CBE1 or CBE2
reveal that the integrity of each, individually, is required to fully maintain ordered, lineagespecific, and feedback regulated IgH V(D)J recombination, as well as to fully balance proximal
versus distal VH utilization. However, simultaneous mutation of both CBE1 and CBE2 has a
cooperative, potentially synergistic, effect, leading to greater de-regulation of these various
aspects of IgH V(D)J recombination, all of which are thought to result from deregulated
rearrangement of proximal VHs to Ds (Guo et al., 2011b). Our previous studies correlated such
deregulated IgH V(D)J recombination with increased proximal VH7183 germline transcription in
IGCR1-/- or IGCR1/CBE1&2-/- pro-B cells. Correspondingly, analyses of one set of WT,
IGCR1/CBE1-/-, IGCR1/CBE2-/-, IGCR1/CBE1&2-/- and IGCR1-/- RAG2-deficient v-Abl
transformed pro-B lines revealed clearly increased germline VH7183 transcription in IGCR1-/and IGCR1/CBE1&2-/- lines compared to the WT or single CBE1 or CBE2 mutant lines,
consistent with a cooperative effect of IGCR1 CBE1 and CBE2 on suppressing proximal VH
transcription (Figure 20). Consistent with more substantially deregulated rearrangement of
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proximal VHs (VH81X in particular), we find that IGCR1/CBE1&2-/- pro-B cells have much
more markedly increased ratios of proximal (VH7183) to distal (VHJ558) utilization in V(D)J
rearrangements than do IGCR1/CBE1-/- or IGCR1/CBE2-/- pro-B cells. In accord with this
more greatly impaired ability to generate a balanced primary pro-B IgH V(D)J repertoire (Guo et
al., 2011b), IGCR1/CBE1&2- IgH alleles also appear to have a more greatly impaired ability to
support normal B cell development than do IgH alleles in which just CBE1 or CBE2 is mutated.
Rag22/2&Pro2B&cell&lines&
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IGCR1/
CBE1-/-
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RT + + + - + + + -

IGCR1/
CBE2-/-
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Figure 20. Effect of IGCR1/CBE1 and IGCR1/CBE2 mutations on Germline VH Transcription.
VH7183 and VHJ558 germline transcription in v-Abl transformed pro-B lines of the indicated
genotypes was assayed by semi-quantitative RT-PCR/Southern blotting methods as described
(Guo et al., 2011b). The two bands observed in some VHJ558 and VH7183 lanes represent unspliced and spliced products, respectively (Guo et al., 2011b). Degenerate primers were used to
assay for DHDSP transcripts as described (Guo et al., 2011b). Actin was used as a loading
control. Results were consistent across three technical repeats.
Despite their cooperative role in maintaining fully normal regulation of IgH V(D)J
recombination, mutation of CBE1 alone appears, on average, to have a greater impact on
repertoire, order and feedback regulation in developing B cells than does mutation of CBE2
alone. This difference is clearly manifested in the more substantially impaired ability of CBE1mutated alleles versus CBE2-mutated alleles to compete with wild-type alleles in the context of
generating IgM-expressing bone marrow or splenic B cells. This more dominant impact of
mutating IGCR1 CBE1 versus CBE2 on IgH V(D)J recombination suggests that, functionally,
these two CBEs are not fully equivalent, which could reflect either the relative extent to which
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they contribute to the same functions, their contributions to different functions that are only
partially redundant, or both. In either case, relative CBE1 versus CBE2 functionality could
reflect their position and/or local sequence environment. In the latter context, the CBE1 binding
site overlaps with putative YY1 and PU.1 binding elements (Guo et al., 2011b), both of which
are also mutated in the IGCR1/CBE1-/- mice. Thus, the more severe phenotype of the
IGCR1/CBE1-/- mice might also reflect impaired YY1 or PU.1 binding. Another important
difference is that CBE1 and CBE2 lie in different orientations within IgH, with CBE1 sharing the
same orientation as the 10 3’CBEs and CBE2 sharing the same orientation as the approximately
60 VH CBEs (Figure 9; Figure 10; Figure 21).
As CTCF has orientation-specific binding, we and others have proposed that the unique
CBE organization within IgH might reflect orientation-specific CBE roles in regulating V(D)J
recombination (Alt et al., 2013; Bossen et al., 2012; Guo et al., 2011b). A recent study
demonstrated that the majority of chromatin loops mediated by CTCF and its interacting partner,
cohesin, are anchored at pairs of CBEs that face each other on opposite strands in convergent
orientation (Rao et al., 2014). In developing B cells, the IGCR1 CBEs bind both CTCF and
cohesin (Degner et al., 2009) and, with the other CBEs within IgH, could form three classes of
convergently-oriented CBE pairs: VH-associated CBEs that could convergently pair with IGCR1
CBE1; IGCR1 CBE2 that could convergently pair with the 3’CBEs; and the VH-associated CBEs
that could convergently pair with the 3’CBEs (Figure 21). In this regard, the IGCR1 locale
interacts with the 3'CBEs locale and with various VH locations (e.g. proximal VHs, distal PAIR
elements) in a manner that was disrupted by simultaneous mutation of IGCR1 CBE1 and CBE2
(Guo et al., 2011b; Medvedovic et al., 2013).
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Based on our current findings and other findings outlined above, we propose a
preliminary "working" model for IGCR1 CBE1 and CBE2 function (Figure 21). First,
IGCR1/CBE2 may function to regulate IgH V(D)J recombination by contributing to a loop with
the convergently-oriented 3'CBEs to sequester Ds, JHs and IgH enhancers to increase synapsis
frequency (Alt et al., 2013; Guo et al., 2011a; Lucas et al., 2014) and, thereby, promote D to JH
rearrangement and indirectly suppress VH to D rearrangement. Second, CBE1 could form a loop
with convergently-oriented proximal VH-associated CBEs that would sequester them from the
downstream enhancers and interactions with the DJH, potentially in part by preventing them from
looping with 3'CBEs. In the context of this model, mutation of CBE2 would partially deregulate
VH to D recombination by allowing loops between the proximal VHs and 3'CBEs, which could
increase the frequency of VH interaction with enhancers and with D segments, leading to
premature RAG cleavage and joining. Potentially, however, the CBE1 loop with VH CBEs would
contribute to dampening this effect. On the other hand, mutation of CBE1 might allow VH CBEs
to compete with CBE2 for loop formation with the 3'CBEs, partially deregulating VH to D
joining. Finally, simultaneous mutation of both IGCR1 CBEs would abrogate both types of
proposed IGCR1 CBE functions, thereby, leading to more substantial deregulation of proximal
VH V(D)J recombination. Of course, other levels of interactions involving additional factors and
elements could contribute to these processes (Bossen et al., 2012; Lin et al., 2012; Medvedovic
et al., 2013). In addition, all proposed IGCR1 CBE functions at the D to JH rearrangement stage
must be neutralized or otherwise circumvented at the VH to DJH rearrangement stages (Alt et al.,
2013; Guo et al., 2011b). Future studies on long-range IgH locus interactions of the IGCR1
locale with other locales in IGCR1/CBE1 or IGCR1/CBE2 mutants along with orientationspecific IGCR1 CBE mutants will contribute to further testing this model or suggest others.
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Finally, CBEs may play a similar role in other antigen receptor loci, as suggested by recent
studies of the Tcrb locus (Majumder et al., 2015).
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Figure 21. Preliminary Orientation-Dependent Looping Model for IGCR1 CBE1 versus CBE2
function in IgH V(D)J Recombination Control.
Potentially relevant intra-IgH loops that could be predicted to form between the IGCR1 locale
and the proximal VH CBEs and the 3'CBEs in (A) WT, (B) CBE2-mutated, (C) CBE1-mutated
and (D) CBE1&2-mutated pre-pro B cells at the stage of normal D to JH recombination. The
loops are proposed based on the convergent orientations respectively of CBE2 and the 3'CBEs,
of CBE1 and the VH CBEs, and of the VH CBEs and the 3'CBEs, which could promote CTCFmediated loop formation between their respective locales (Rao et al., 2014). The loops predicted
in this model are based on recent genome wide analyses that indicate convergent CBE loops will
be most likely to form between proximal convergent CBEs. See (Rao et al., 2014)for further
discussion of orientation-dependent CTCF/CBE-mediated loops.
We assume that CBE2-3'CBE loop formation would promote more high frequency interaction of
sequences within it including enhancers and germline promoters, as well as RSSs (Alt et al.,
2013; Lin et al., 2012; Rao et al., 2014) and that this will promote both germline transcription
and synapsis of D and JH targets for RAG cleavage. Based on this working model, loop
formation between CBE1 and a few or more of the 3' VH CBEs may serve a
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Figure 21 (Continued)
suppressive/silencing function that prevents them from looping to 3'CBEs or otherwise
suppressing their premature rearrangement to D segments. Based on this model, the two CBEs
and potentially the loops they form would have synergistic functions in preventing mature VH to
D rearrangement at the DJH rearrangement stage. Thus, mutation of either one would lead to a
partial deregulation compared to mutation of both simultaneously (see text for further
discussion). Apparent differences in the extent of the effects of CBE1 versus CBE2 on
premature 3'VH rearrangement could result from various potential differences in the effectiveness
of these two mechanisms in suppressing premature VH to D recombination. Such differences
also might involve sequences and/or factors beyond the CBEs themselves.
The CBE downstream of VH81X might primarily serve a negative function in the context of
preventing VH to D joining at the D to JH rearrangement stage. However, the proximal position
of VH81X, along with VH81X being in all loops from CBEs associated with VHs upstream, could
explain its frequent utilization when CBE1 and/or CBE2 are mutated. Finally, all VH-associated
CBEs have been proposed to have positive functions in promoting VH to DJH rearrangement
once DJH joins are formed and locus contraction ensures that distal VHs become more spatially
proximal to the DJH (Alt et al., 2013; Lin et al., 2010).
This figure describes only a very preliminary working model for potential roles of IgH CBEs in
V(D)J recombination control. Clearly many other factors and likely intra-CBE loops and
elements will also contribute and the model will likely evolve greatly with information from
ongoing and future work in the field (Bossen et al., 2012; Ebert et al., 2014; Guo et al., 2011a;
Hewitt et al., 2010; Matheson and Corcoran, 2012).
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Chapter 3: A highly sensitive and unbiased approach for elucidating antibody repertoires

Adapted from:
Lin, S.G., Ba, Z., Du, Z., Zhang, Y., Hu, J., and Alt, F.W. (2016). Highly sensitive and unbiased
approach for elucidating antibody repertoires. Proceedings of the National Academy of Sciences
113, 7846–7851.

3.1 Abstract
Developing B lymphocytes undergo V(D)J recombination to assemble germline V, D,
and J gene segments into exons that encode the antigen-binding variable region of
immunoglobulin (Ig) heavy (H) and light (L) chains. IgH and IgL chains associate to form the B
cell receptor (BCR), which upon antigen binding activates B cells to secrete BCR as an antibody.
Each of the huge number of clonally independent B cells expresses a unique set of IgH and IgL
variable regions. Ability of V(D)J recombination to generate vast primary B cell repertoires
results from combinatorial assortment of large numbers of different V, D, and J segments,
coupled with diversification of the junctions between them to generate the complementary
determining region 3 (CDR3) for antigen contact. Approaches to evaluate in depth the content of
primary antibody repertoires and, ultimately, to study how they are further molded by secondary
mutation and affinity maturation processes are of great importance to the B cell development,
vaccine, and antibody fields. We now describe an unbiased, sensitive, and readily accessible
assay, referred to as HTGTS repertoire sequencing (HTGTS-Rep-seq), to quantify antibody
repertoires. HTGTS-Rep-seq quantitatively identifies the vast majority of IgH and IgL V(D)J
exons, including their unique CDR3 sequences, from progenitor and mature mouse B lineage
cells via the use of specific J primers. HTGTS-Rep-seq also accurately quantifies DJH
intermediates and V(D)J exons in either productive or non-productive configurations. HTGTSRep-seq should be useful for studies of human samples, including clonal B-cell expansions and
also for following antibody affinity maturation processes.
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3.2 Introduction
The B lymphocyte antigen receptor (BCR) is comprised of identical immunoglobulin
heavy (IgH) and Ig light (IgL) chains. Antibodies are the secreted form of the BCR. The V(D)J
recombination process assembles germline V, D, and J gene segments into exons that encode the
antigen-binding variable region exons of the BCR. The RAG 1 and 2 endonuclease (RAG)
initiates V(D)J recombination by generating DNA double-stranded breaks (DSBs) between V, D,
and J gene segments and their flanking recombination signal sequences (RSSs) (Teng and
Schatz, 2015). In this process, the V, D, and J coding ends are generated as covalent hairpins that
must be opened, and which are often further processed, prior to being joined by classical nonhomologous end joining (Alt et al., 2013). Processing of V, D, J coding ends can involve
generation of deletions or insertions of nucleotides at the junction regions (Alt et al., 2013);
including the frequent de novo addition of nucleotides by the terminal deoxynucleotidyl
transferase component of the V(D)J recombination process (Alt and Baltimore, 1982). Notably
the V(D)J junctional region encodes a major antigen contact region of the antibody variable
region, known as complementarity determining region 3 (CDR3), and thus these junctional
diversification processes make a huge contribution to antibody diversity.
The mouse IgH locus spans 3.1 megabases (Mbs). There are 100s of VHs in the several
Mb distal portion of the IgH locus, with the number varying substantially in certain mouse
strains (Retter et al., 2007). The VHs lie approximately 100kb upstream from a 50kb region
containing 13 Ds, which is followed several kb downstream by a 2kb region containing 4 JHs.
The IgH constant region (CH) exons lie downstream of the JHs. Following assembly of a VHDJH
exon, transcription initiates upstream of the VH and terminates downstream of the CH exons, with
V(D)J and CH portions being fused into the ultimate IgH messenger RNA (mRNA) via splicing
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of the primary transcript. Due to the random junctional diversification mechanisms, only about
1/3 of assembled IgH V(D)J exons are able to generate in-frame splicing events that place the
V(D)J and CH exons in the same reading frame to generate productive (in-frame with functional
VH) rearrangements that encode an IgH polypeptide with the remainder being non-productive
(out-of-frame, in-frame with a stop codon, or utilizing a pseudo-VH) (Yancopoulos and Alt,
1986). IgL chain variable region exons are assembled from just V and J segments but otherwise
follow similar basic principles to those of IgH. The mouse Igκ light chain locus spans 3.2Mbs
with 100s of Vκs in a 3.1-Mb region separated by 20kb from 5 Jκs downstream; while the Igλ
light chain locus is smaller and less complex (Proudhon et al., 2015). RNA splicing again joins
assembled VJL exons to corresponding CL exons.
During B cell development, V(D)J recombination is regulated to ensure specific
repertoires and prevent undesired rearrangements. IgH V(D)J recombination occurs stagespecifically in progenitor B (pro-B) cells before that of IgL loci which occur in precursor B (preB) cells. IgH V(D)J recombination is ordered, with D to JH joining occurring, usually on both
alleles, before appendage of a VH to a DJH complex (Figure 22A) (Alt et al., 2013). In addition,
the VH to DJH step of IgH V(D)J recombination is feedback regulated with a productive
rearrangement leading to cessation of V(D)J recombination on the other allele if it is still in DJH
configuration (Alt et al., 2013). In contrast, initial non-productive IgH V(D)J rearrangements do
not prevent VH to DJH rearrangements from occurring on the other allele. Such feedback
regulation generally leads to the typical 40/60 ratio of mature B cells with two IgH V(D)J
rearrangements (one productive) versus one IgH V(D)J plus a DJH rearrangement (Jung et al.,
2006). VH to DJH rearrangement is also regulated to generate diverse utilization of the 100s of
upstream VHs. While proximal VHs, notably the most proximal VH (VH81X), are somewhat over-
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utilized in pro-B V(D)J rearrangements, the sequestering of the Ds and JHs in a separate
chromosomal domain from that of the VHs (Lin et al., 2015; Yoon et al., 2011), coupled with the
phenomenon of locus contraction (Fuxa et al., 2004; Jhunjhunwala et al., 2008), allows even the
most distal VHs to be utilized. Subsequently, the somewhat biased primary VH repertoire in proB cells is subjected to cellular selection mechanisms to generate a more normalized primary
repertoire in newly generated B cells (Melchers, 2015).
Each B cell expresses a unique BCR, and each individual mouse or human has the
capacity to generate up to 1013 or more distinct BCRs in the primary repertoire (Granato et al.,
2015), with a large fraction of these being generated by junctional diversification of IgH and IgL
CDR3s (Schroeder et al., 2010). In this regard, the ability to quantitatively identify the IgH and
IgL variable region exons that contribute to the primary antibody repertoire is of great interest in
elucidating contributions of this repertoire to immune responses and to immune diseases
(Georgiou et al., 2014). Several important repertoire sequencing assays that utilize nextgeneration sequencing have been developed. These approaches involve the generation of
repertoire libraries from either genomic DNA or mRNA (Georgiou et al., 2014). Most prior
DNA-based approaches rely on use of upstream degenerate V primers, each designed to identify
members of particular VH families, and a downstream degenerate J primer; an approach that
covers many, but not necessarily all, V(D)J exons and likely not all equally. RNA-based
approaches generally only require one downstream primer (from the J or constant region) and
thus obviate biases in prior DNA-based assays; but these approaches can severely underestimate
non-productive rearrangements due to decreased transcript levels (Georgiou et al., 2014). In
addition, the long length of the 5’RACE-derived complementary DNAs can also pose a
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challenge, as sequencing technologies cannot always cover the entire length of the V(D)J
exons.
We developed linear amplification-mediated high-throughput genome-wide translocation
sequencing (LAM-HTGTS) to identify unknown “prey” sequences that join to fixed DSBassociated “bait” sequences (Hu et al., 2016). LAM-HTGTS, like its predecessor HTGTS
(Chiarle et al., 2011), employs a single primer for a DSB-associated bait sequence to perform
linear amplification across bait-prey junctions to identify all prey sequences joined to the bait
DSBs in an unbiased manner (Frock et al., 2015; Hu et al., 2016). We have employed various
types of DSBs as bait for LAM-HTGTS including those generated by engineered nucleases and
endogenous DSBs (Chiarle et al., 2011; Dong et al., 2015; Frock et al., 2015; Hu et al., 2015;
Meng et al., 2014; Wei et al., 2016). As V(D)J recombination generates rearrangements with
junctions at borders of V, D, and J segments; we can employ primers for any of these gene
segments as LAM-HTGTS bait to identify sites of RAG-generated DSBs, both in progenitor or
precursor lymphocytes undergoing V(D)J recombination, as well as in mature lymphocytes to
retrospectively identify V(D)J recombination events that occurred earlier in development.
Notably, LAM-HTGTS employing endogenous RAG-generated DSBs identified RAG-generated
DJH joins, RSS joins in excision circles, and off-target junctions in developing B-lineage cells
that were not detected by prior assays (Hu et al., 2015), illustrating the high sensitivity of the
assay. Based on these earlier studies, we now describe an adaptation of LAM-HTGTS as a robust
repertoire sequencing assay, that we term HTGTS Repertoire sequencing (HTGTS-Rep-seq).
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Figure 22. Schematic for HTGTS-Rep-seq.
(A) Schematic of the generation of DJ and VDJ rearrangements via V(D)J recombination
showing Vs (green), Ds (purple), and Js (orange). Representative DJ and VDJ joining events are
shown. (B) HTGTS-Rep-seq method overview. Briefly, genomic DNA from B cell populations
are sonicated and linearly amplified with a biotinylated primer that anneals downstream of one
specific J segment. The biotin-labeled single-stranded DNA products are enriched with
Streptavidin beads and 3’ ends are ligated in an unbiased manner with a bridge adaptor
containing 6-nucleotide random nucleotide (highlighted in the rectangular box). Products were
then prepared for 2x300bp sequencing on an Illumina Miseq. Generated reads were analyzed
with the Ig/TCR-Repertoire analysis pipeline described in the methods.
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3.3 Results
Overview of LAM-HTGTS adapted repertoire sequencing
For HTGTS-Rep-seq libraries, we utilize bait coding ends of J segments to identify, in
unbiased fashion, mouse IgH DJH repertoires along with both productive and non-productive IgH
V(D)J repertoires from both pro-B and peripheral B cells. Similarly, we also identify mouse
productive and non-productive Igκ repertoires from peripheral B cells. For all samples analyzed,
genomic DNA isolated from a pool of the given type of B cells was sonicated to generate
fragments with an average size of approximately 1kb and which, thus, would be expected to
harbor IgH V(D)J or DJ rearrangements, Igκ VJ rearrangements, or un-rearranged JHs or Jκs
(Figure 22). Biotinylated bait primers that anneal to sequences downstream of the coding end of
a particular JH or Jκ segment will allow linear amplification of any fragments containing the bait
J segment(s). Subsequent streptavidin purification, adapter ligation, and library construction
steps are carried out as previously described (Hu et al., 2016)(Figure 22B). To generate longer
sequencing reads for more accurate alignment of Vs and Ds, we positioned bait primers closer to
the coding ends of bait Js and employed MiSeq 2x300bp paired-end sequencing to capture fulllength V(D)J sequences in recovered junctions. For bioinformatic analysis, we combined our
LAM-HTGTS pipeline with IgBlast (Ye et al., 2013) to generate an analysis pipeline that
provides comprehensive information on productive or non-productive junctions and CDR3
sequences (See Chapter 5 methods for details).
For the HTGTS-Rep-seq we generally keep for analysis all recovered junctions including
all duplicates for reasons described previously (Hu et al., 2015). To control for experimental
variations, we generated 3 technical repeat HTGTS-Rep-seq libraries from the same splenic B
cell DNA samples which yield highly reproducible repertoires with correlation coefficient (r)
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values of 0.99 (Table 1). Even for biological repeat IgH or IgL HTGTS-Rep-seq libraries from
pro-B or splenic B cells of 3 different mice, correlation analyses revealed highly reproducible
repertoires with r values greater than 0.9 in most of the data sets (Table 1; Table 2). However, as
described below, detailed analyses of certain aspects of such libraries, such as the fraction of
unique CDR3s in the total repertoire, reveal expected biological variations (Table 1).
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Table 1. Summary of VDJH joins analysis from HTGTS-Rep-seq Libraries of C57BL/6 mice
# V(D)J
*Correlation
*Correlation
Coding
# Unique
Input
Junctions
between
%
between %
&
Cell type Locus
end
Exp
CDR3
DNA
including Productive
Productive
primer
Junctions
duplicates V(D)J subsets
V(D)J subsets
Mouse 1 8,299
vs M2: 0.88 1,639
vs. Total: 0.97
Pro-B
IgH
2ug
JH4
Mouse 2 25,957
vs M3: 0.98 9,133
vs. Total: 0.99
Mouse 3 22,613
vs M1: 0.85 8,894
vs. Total: 0.99
Mouse 1 45,857
vs M2: 0.99 20,583
vs. Total: 0.97
JH4
Splenic B IgH
2ug
Mouse 2 57,477
vs M3: 0.97 38,091
vs. Total: 0.99
Mouse 3 16,504
vs M1: 0.96 7,053
vs. Total: 0.97
Mouse 1 54,172
vs M2: 0.98
JH1
Splenic B IgH
2ug
Mouse 2 77,670
vs M3: 0.98
Mouse 3 37,648
vs M1: 0.98
Mouse 1 66,589
vs M2: 0.98
JH2
Splenic B IgH
2ug
Mouse 2 81,547
vs M3: 0.98
Mouse 3 74,857
vs M1: 0.99
Mouse 1 26,586
vs M2: 0.99
JH3
Splenic B IgH
2ug
Mouse 2 29,619
vs M3: 0.98
Mouse 3 23,097
vs M1: 0.99
Mouse 1 21,532
vs M2: 0.97
JH4
Splenic B IgH
2ug
Mouse 2 26,838
vs M3: 0.95
Mouse 3 12,669
vs M1: 0.95
Repeat 1 20,703
vs R2: 0.99 14,461
vs. Total: 1.00
JH4
Splenic B IgH
2ug
Repeat 2 18.959
vs R3: 0.99 13,045
vs. Total: 1.00
Repeat 3 22,118
vs R1: 0.99 14,799
vs. Total: 1.00
Repeat 1 20,605
vs R2: 0.98 5,093
vs. Total: 0.99
Splenic B IgH
500ng JH4
Repeat 2 18,897
vs R3: 0.97 5,374
vs. Total: 0.99
Repeat 3 20,105
vs R1: 0.97 5,570
vs. Total: 0.99
Repeat 1 12,007
vs R2: 0.77 1,163
vs. Total: 0.96
Splenic B IgH
100ng JH4
Repeat 2 6,968
vs R3: 0.79 649
vs. Total: 0.92
Repeat 3 8,106
vs R1: 0.86 896
vs. Total: 0.96
Jk1
Mouse 1 46,554
vs C1: 0.99
Jk2
Mouse 1 26,117
vs C1: 0.98
Splenic B Igk
1ug
Jk4
Mouse 1 16,047
vs C1: 0.98
Jk5
Mouse 1 9,782
vs C1: 0.98
Jk1
10,988
vs M1: 0.99
Jk2
10,159
vs M1: 0.98
Splenic B Igk
1ug
Combined
Jk4
8,613
vs M1: 0.98
Jk5
17,750
vs M1: 0.98
&
Mouse 1, 2, 3 mean the experiments were performed from three different mice; Repeat 1, 2, 3
mean the experiments were performed using DNA from the same mouse.
*The correlation coefficient values (r) were derived from two sets of productive V(D)J exons
(%) via CORREL function in excel. The bigger the value, the more similar the two sets of data.
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Table 2. Summary of HTGTS-Rep-seq Libraries from 129SVE mice
Cell type

Locus

Input
DNA

Coding
end
primer

Pro-B

IgH

2ug

JH4

Splenic B

IgH

2ug

JH4

Splenic B

IgH

2ug

JH1

Splenic B

IgH

2ug

JH2

Splenic B

IgH

2ug

JH3

Splenic B

IgH

2ug

JH4

2ug

JH1
JH2
JH3
JH4

Splenic B

IgH

Experiment
Mouse 1
Mouse 2
Mouse 3
Mouse 1
Mouse 2
Mouse 3
Mouse 1
Mouse 2
Mouse 3
Mouse 1
Mouse 2
Mouse 3
Mouse 1
Mouse 2
Mouse 3
Mouse 1
Mouse 2
Mouse 3
Combined
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# Junctions
including
duplicates
20,081
14,950
21,701
52,140
67,885
68,337
165,224
102,858
97,125
191,016
123,362
95,336
77,966
50,202
43,512
85,649
37,247
40,422
3,652
27,701
11,104
12,713

Correlation
between
Productive
V(D)J
subsets
vs. M2: 0.95
vs. M3: 0.93
vs. M1: 0.96
vs. M2: 0.98
vs. M3: 0.95
vs. M1: 0.96
vs. M2: 0.94
vs. M3: 0.95
vs. M1: 0.96
vs. M2: 0.98
vs. M3: 0.96
vs. M1: 0.96
vs. M2: 0.97
vs. M3: 0.97
vs. M1: 0.97
vs. M2: 0.96
vs. M3: 0.96
vs. M1: 0.97

HTGTS-Rep-seq reveals IgH VHDJH and DJH repertoires in developing and mature B cells
To test ability of HTGTS-Rep-seq to detect differences between primary pro-B cell IgH
repertoires versus those of peripheral B lymphocytes, we purified primary B220+CD43+IgMpro-B cells from the bone marrow and B220+IgM+ B cells from the spleen of wild-type C57BL/6
mice. We first used 2 µg genomic DNA isolated from these cell populations to perform HTGTSRep-seq with a JH4 coding end bait primer to capture VHDJH4 and DJH4 rearrangements (Figure
23A; Table 1). Libraries from both cell types showed broad usage of VHs in VHDJH4
rearrangements throughout the IgH variable region locus with some VHs utilized more frequently
(e.g. VH5-2, VH2-2, VH3-6, VH1-26, VH1-64, VH1-72, VH1-81) (Figure 23B). The C57BL/6 IgH
locus has approximately 110 potentially functional VHs and 74 pseudo VHs categorized into 16
families (Lefranc et al., 2015). In the IgH repertoire libraries generated with a JH4 coding end
bait, we detected in VHDJH exons 107 functional VHs from all 16 families, as well as 21 pseudo
VHs with relatively conserved RSSs (Figure 23C). Notably, the three "functional" VHs (VH1-621, VH2-6-8, VH7-2) not detected by HTGTS-Rep-seq also were not found by another highthroughput repertoire sequencing method (Khan et al., 2016), suggesting that they may actually
be non-functional with respect to the ability to undergo V(D)J recombination.
VH to DJH rearrangements occur at the pro-B stage, with only one in three expected to be
in-frame (Yancopoulos and Alt, 1986). In the VHDJH4 exons we identified by HTGTS-Rep-seq,
on average 65% were productive and, correspondingly, 35% were non-productive (Figure 23D).
This ratio likely reflects a dynamic differentiation process in which pro-B cells with two nonproductive rearrangements are negatively selected and those with a productive rearrangement on
one allele are positively selected (Melchers, 2015). Due in large part to feedback mechanisms
from productive V(D)JH rearrangements during pro-B cell development, approximately 40% of
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splenic B cells display VHDJH rearrangements on both alleles (one productive and one nonproductive) and the remaining 60% have one productive VHDJH and one DJH rearrangement
(Yancopoulos and Alt, 1986). Thus, a population of splenic B cells theoretically would be
expected to have about 71% productive VHDJH exons and 29% non-productive VHDJH exons.
Indeed, we observed a very similar ratio of productive/non-productive VHDJH4 exons (73:27) in
the HTGTS-Rep-seq libraries from splenic B cell DNA (Figure 23D). In the DJH joins revealed
by HTGTS-Rep-seq, D1-1 (also known as DFL16.1) was used most frequently in libraries from
both pro-B and splenic mature B cells (Figure 23E). Moreover, we observed a much higher
percentage of DJH exons in pro-B cells compared to that of splenic B cells (45% vs. 25%; Figure
23E, F), in line with D to JH rearrangement on both alleles preceding VH to DJH rearrangement in
developing pro-B cells (Alt et al., 1984; Yancopoulos and Alt, 1986).
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Figure 23. HTGTS-Rep-seq of VHDJH and DJH repertoire in pro-B cells and splenic B cells of
C57BL/6 mice.
(A) Schematic of the murine IgH locus showing VHs (functional = green; pseudo = black), Ds
(purple), JHs (orange), and CH region (black). The red arrow indicates the JH4 coding end bait
primer. (B) VH repertoire with productive and non-productive information from VHDJH joins in
pro-B cells (upper) and IgM+ splenic B cells (lower). Some of the most frequently utilized VHs
are highlighted with arrows as indicated. (C) Utilization numbers of functional VHs and pseudo
VHs across 16 families in HTGTS-Rep-seq libraries described in (B). (D) Pie chart showing the
average overall percentage of productive and non-productive VHDJH joins from libraries
described in (B). (E) D usage in VHDJH and DJH joins in pro-B cells and IgM+ splenic B cells as
indicated. (F) DJH:VHDJH ratios in pro-B cells and IgM+ splenic B cells as indicated. All the data
are showed by mean ± SEM, N=3.
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Biased proximal VH usage in 129SVE mice revealed by HTGTS-Rep-seq
The 129SVE mouse strain IgH locus contains more VHs than the C57BL/6 IgH locus
with a somewhat different organization (Lefranc et al., 2015). Given that 129SVE mice and cell
lines have frequently been used in V(D)J recombination studies, we used the same JH4 bait
primers to also generate HTGTS-Rep-seq libraries from 129SVE bone marrow pro-B cells and
splenic B cells (Table 2). The 129SVE IgH locus VH sequences are annotated up to
approximately 1Mb into the variable VH region, but VH sequences lying within the relatively
large more distal region of the locus are not completely annotated. Thus, to generate an
approximate 129SVE VHDJH repertoire, we ran Igblast analyses against a combination of all the
known 129SVE VH sequences and the annotated distal VH sequences from the C57BL/6
background starting from VH8-2 (Figure 24A, B). As with the C57BL/6 libraries, the VHs were
widely used and we detected 128 functional VHs out of 133 distinct members of the 15 VH
families plus 34 pseudo VHs (Figure 24C).
In contrast to the IgH VHDJH4 repertoire in C57BL/6 mice, we found a highly biased
usage of proximal VHs, especially VH5-2 (also known as VH81X) and VH2-2, in 129SVE mice
(Figure 23B, Figure 24B). The D-proximal VH5-2 was used in 9.5% (1.7% productive; 7.7%
non-productive) of all VHDJH4 exons in pro-B cells and about 4% (0.3% productive; 3.5% nonproductive) of all VHDJH4 exons in splenic B cells of 129SVE mice (Figure 24B). In contrast,
VH5-2 appeared in only about 3.5% (0.7% productive; 2.8% non-productive) and about 1.8%
(0.15% productive; 1.6% non-productive) of the VHDJH4 exons in C57BL/6 pro-B and splenic B
cells, respectively (Figure 23B). The majority of VH5-2-containing VHDJH4 joins in splenic B
cells were non-productive in both mouse strains, in contrast to other highly utilized VHs
throughout both alleles (VH2-2, VH5-4, VH3-6, VH1-26, VH1-55, VH8-8, VH1-64, VH1-72, VH1-
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81), consistent with previous reports that most VH5-2-containing productive rearrangements are
selected against due to their auto-reactive properties or inability to proper pair with IgL or
surrogate IgL chains (Boekel et al., 1997; Malynn et al., 1990; Yancopoulos et al., 1984). As the
VH5-2 gene body, RSS and downstream are conserved in C57BL/6 versus 129SVE mouse
strains, the basis for greatly increased VH5-2 utilization in primary repertoires of the 129SVE
strain remain to be determined.
A comparison of VHDJH and DJH rearrangements in 129SVE pro-B cell libraries also
revealed a relatively lower ratio of productive/non-productive VHDJH exons (39:61 in 129SVE
vs. 65:35 in C57BL/6), as well as a lower ratio of VHDJH/DJH rearrangements (about 45:55 in
129SVE vs. about 55:45 in C57BL/6) (Figure 23D-F; Figure 24D-F). VH5-2 rearrangements did
not substantially contribute to these differences. Both pro-B cell libraries were generated in 4week old mice, suggesting that the lower relative proportion of productive VHDJH exons in
129SVE compared to C57BL/6 pro-B cells might be attributed to differential timing of B cell
checkpoint selection in these two mouse strains. For both mouse strains, the splenic B cell
libraries showed comparable productive/non-productive and VDJ/DJ ratios (Figure 23D-F;
Figure 24D-F).
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Figure 24. HTGTS-Rep-seq of VHDJH and DJH repertoire in pro-B cells and IgM+ splenic B cells
of 129SVE mice.
(A) Schematic of the murine IgH locus showing VHs (functional = green; pseudo = black), Ds
(purple), and JHs (orange). Red arrow indicates the JH4 coding end bait primer. (B) VH repertoire
with productive and non-productive information from VHDJH joins in pro-B cells (upper) and
IgM+ splenic B cells (lower). Some of the most frequently utilized VHs are highlighted with
arrows as indicated. Mean ± SEM, N=3. (C) Utilization numbers of functional or pseudo VHs
across 16 families in the HTGTS-Rep-seq libraries described in (B). (D) Pie chart showing the
average overall percentage ± SEM of productive and non-productive VHDJH joins in pro-B cells
(upper) and IgM+ splenic B cells (lower). (E) D usage in DJH joins in pro-B cells and IgM+
splenic B cells as indicated. Mean ± SEM, N=3. (F) Comparison of DJH:VHDJH ratios in pro-B
cells and IgM+ splenic B cells as indicated. Mean ± SEM, N=3. Details of the analysis are as
described for Figure 23.
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IgM+ splenic B cell VHDJH exons display similar VH usage profiles across different JHs
We also designed bait primers to the other three JHs in the IgH locus and made libraries
from splenic B cells of both C57BL/6 and 129SVE mice to compare VH and D utilization among
the different JHs. These assays revealed similar VH and D utilization repertoires for the four
different JHs, indicating that selection for a particular VHs or D in a VHDJH join did not vary
substantially between the JHs in both C57BL/6 and 129SVE mice (Figure 25A; Figure 26A).
However, we did find higher proportions of non-productive VHDJH rearrangements using the JH2
and JH3 baits, compared to the JH1 and JH4 bait libraries (Figure 25A; Figure 26A). In this
regard, the stretch of sequence from the JH coding ends to the highly conserved WGXG-motif
that is crucial for a stable antibody structure (Lefranc et al., 2015) is shorter in the JH2 and JH3
segments relative to the JH1 and JH4 segments (Figure 27A). Thus, some VHDJH2 and VHDJH3
joins sites could lie too close to the WGXG-encoded sequences and be selected against due to
unstable antibody structure (Figure 27B). Moreover, we observed moderate differences in the
DH usage profiles among the four JHs and a larger ratio of VHDJH:DJH joins for the JH4 bait
libraries, which potentially could reflect the relative positions of these JHs in the recombination
center that initiates V(D)J recombination (Schatz and Ji, 2011) (Figure 25B,C and Figure
26B,C). Finally, we prepared HTGTS-Rep-seq libraries from 129SVE splenic B cells with four
sets of JH HTGTS-Rep-seq primers combined (Figure 28A, Table 2). This approach, which
allowed us to detect all VHDJH1-4 exons in one HTGTS-Rep-seq library, revealed general V(D)J
repertoires similar to those detected with individual JH primers (Figure 28 vs. Figure 26).
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HTGTS-Rep-seq detects diverse Igκ VJ rearrangements
In mice, the Igκ locus generates the majority of IgL-expressing B cells (Gorman and Alt,
1998). The Vκ locus organization is distinct from that of the VH locus. Besides not having D
segments and, therefore, undergoing direct Vκ to Jκ rearrangements, the Vκ locus contains V
segments organized in both direct and inverted orientation relative to the Jκ segments (Proudhon
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et al., 2015) (Figure 29A). Thus, for some Vκs, joining to Jκ occurs deletionally like VH to DJH
joining, but for others it occurs via inversion of the intervening sequence. Direct and inverted
Vκs generally occur in distinct clusters but also can be individually interspersed (Figure 29). To
first assess the Igκ repertoire, we performed HTGTS-Rep-seq on 1 µg of genomic DNA from
C57BL/6 splenic B cells using a Jκ5 coding end bait primer. Similar to the IgH locus, we also
observed widespread usage of Vκs across the entire locus to the Jκs (Figure 29A, B). All of the
100 functional Vκs across 20 Vκ families were detected by HTGTS-Rep-seq, and 11 out of 62
pseudo Vks were also detected (Figure 29C). We saw productive/non-productive VJκ joins at a
63:37 ratio in splenic B cells (Figure 29B), which is slightly lower than the predicted 67:33 ratios
(Mostoslavsky et al., 2004). This small deviation might reflect the presence of non-productive
VJκ joins in Igλ positive cells (Gorman and Alt, 1998).
We also generated HTGTS-Rep-seq libraries from splenic B cell DNAs to capture VJκ
joins from the three other functional Jκ segments separately or in a combination of all 4 Jκ
primers. In contrast to IgH repertoires with different JH primers, the Igκ repertoires showed
apparently different utilization of some Vκs (e.g. Vκ6-15, Vκ6-23, Vκ19-93, Vκ10-96, Vκ1135) between different Jκ baits. Moreover, the productive/non-productive ratios from the other
Jκ primer libraries were slightly lower than that observed with the Jκ5 primer (Jκ1: 53:47, Jκ2;
60:40, Jκ4: 53:47 vs Jκ5: 63:37) (Figure 30). These differences in utilization and ratios likely
reflect the occurrence of sequential VJκ recombination events (Melchers et al., 1999). In this
context, alleles containing non-productive VJκ joins with the three Jκs upstream of Jκ5 have the
ability for an un-rearranged Vκ upstream the non-productive VJκ to join to a remaining Jκ
(Melchers et al., 1999). If this secondary rearrangement is inversional, the non-productive VJκ
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joins would be retained in the genome and add to the non-productive fraction of VJκ1, VJκ2, or
VJκ4 joins that are detected by HTGTS-Rep-seq. Given this scenario, VJκ5 rearrangements,
which are terminal rearrangement events, would be expected to reflect the theoretical
productive/non-productive ratios, as we have found.
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Figure 29. HTGTS-Rep-seq of VJκ repertoire in IgM+ splenic B cells of C57BL/6 mice using
Jκ5 bait primer.
(A) Schematic of the murine Igκ locus showing Vκs and Jκs. Green and orange bars indicate
functional Vκs with convergent and tandem transcriptional orientations, respectively, to the
downstream Jκs. Black bars indicate pseudo Vκs. Red arrow indicates the Jκ5 coding end bait
primer. (B) Left panel: Vκ repertoire with productive and non-productive information from VJκ
joins in IgM+ splenic B cells with Jκ5 bait primer either individually (upper) or from combined
Jκ bait primers (lower). Some differentially utilized Vκs among 4 different Jκs are highlighted
with arrows (see also Figure 30). Right panel: Pie chart showing overall percentage of productive
and non-productive VJκ joins. Representative results from two repeats are shown. (C) Utilization
numbers of functional and pseudo Vκs across 20 families in libraries described in (B).
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HTGTS-Rep-seq revealed characteristic CDR3 properties
We analyzed the CDR3 sequences from productive VHDJH and VJκ rearrangements in
pro-B and splenic B cells. The CDR3 of productive VHDJH exons in pro-B and splenic B cells
showed a diverse range of lengths from 3 to 24 amino acids (aa) with a peak at 11-15 aa (Figure
31A, B). The consensus CDR3 motifs of these VHDJH exons, made from the unique subset, from
un-immunized pro-B and splenic B cells shared the same VH contributed and JH4 contributed aa
sequences as anticipated (Figure 31A, B). Given that the gene bodies of JH2 and JH3 are shorter
than those of JH1 and JH4, the average lengths of VHDJH2 and VHDJH3 exons were shorter than
those of VHDJH1 and VHDJH4 (median length 11 aa vs 13 aa) (Figure 31C). In contrast to
productive VHDJH exons, approximately 85% productive VJκ exons from splenic B cells showed
a CDR3 length of 9 aa. The VJκ CDR3 motif also showed the expected flanking cysteine and
phenylalanine (Figure 31D). Thus, HTGTS-Rep-seq produces sequences with CDR3
characteristics expected from the various bait loci.
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Figure 31. CDR3 length distribution and consensus motif of productive VHDJH and VJκ exons.
(A) CDR3 length distribution of productive VHDJH exons in C57BL/6 pro-B libraries made with
JH4 bait primer. Consensus CDR3 motif plots were made for the subset of 11-13aa length CDR3
sequences, flanked on either end by the consensus cysteine and tryptophan. (B) As in (A), for
C57BL/6 splenic B libraries made with JH4 bait primer. (C) As in (A), for C57BL/6 splenic B
libraries made with the four JH bait primers. Mean ± SEM, N=3 for (A-C). (D) As in (A), for
C57BL/6 splenic B libraries made with Jκ5 primer. Note that we noticed some errors in our
CDR3 sequence analyses due to the basal levels of sequencing errors of current high-throughput
sequencing methods, including Illumina Miseq, and the read length (maximum 600 bp) that are
not sufficient to cover entire sequences of longer DNA fragments containing V(D)J exons.
However, we eliminated such potential ambiguities by including in our analyses only
overlapping joined reads and/or by increasing thresholds for read quality.
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HTGTS-Rep-seq can be utilized with low amounts of starting material
We generated libraries from JH4 coding end baits with starting DNA amounts of 2 µg,
500 ng, and 100 ng, each purified from the splenic B cells of the same C57BL/6 mouse. Libraries
generated from 2 µg and 500 ng genomic DNA were almost identical (r > 0.97) in VH usage and
productive/non-productive rearrangement ratios (Figure 32A,B; Table 1). Even though we saw a
slight decrease in the number of detected VHs from the libraries generated from 100 ng of
genomic DNA, they still displayed a similar repertoire profile (r = ~0.8) and productive/nonproductive ratio (Figure 32A, B), suggesting HTGTS-Rep-seq can be used to generate a quite
representative VHDJH repertoire library from as little as 20,000 B cells.
We further evaluated V(D)JH junctional diversities in these titrated libraries by comparing
the percentages of unique CDR3 sequences (Pieper et al., 2013). We found that the proportion of
V(D)J exons containing unique CDR3 sequences substantially decreased with reduced amounts
of starting material (Figure 33A), indicating that higher amounts of DNA starting material allows
us to detect a greater fraction of the highly diverse IgH CDR3 repertoire. While sequencing
errors might in theory lead to minor overestimation of CDR3 diversity, the enormous biological
diversity of CDR3 in these samples was such high that we only observed a very small overlap
portion in detected V(D)JH CDR3 sequences (<1%) between the three technical repeats of 2µg
DNA libraries and even less between 500ng or 100ng DNA library repeat subsets (Figure 33B).
Thus, 100ng DNA is enough to generate a representative V(D)JH library with respect to VH
usage, but even 2 µg of DNA reveals only a very small fraction of the immense diversity IgH
CDR3s.
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Figure 32. Representative VHDJH repertoire can be generated from small amounts of starting
genomic DNA.
(A) VH repertoire with productive and non-productive information from VHDJH joins (left) and
pie chart showing the average overall percentage of productive and non-productive VHDJH joins
(right) in IgM+ splenic B cells cloned from indicated amounts of genomic DNA using JH4 coding
end bait primer. Mean ± SEM, N=3. (B) VH utilization numbers separated by family, organized
as in Figure 23C.
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(A) Proportion of unique CDR3 sequences for each technical repeat library from Figure 32.
Mean ± SEM, N=3. (B) The number of identical CDR3 sequences between technical repeat
libraries at varying amounts of starting material.
3.4 Discussion
HTGTS-Rep-seq is a DNA-based method that requires only a single bait PCR primer,
reads out both deletional and inversional V(D)J joins, and can readily be adapted to identify low
frequency recombination events invisible to prior repertoire sequencing assays (Hu et al., 2015).
In addition, HTGTS-Rep-seq can be used to comprehensively study productive and nonproductive V exon usage. We also can use HTGTS-Rep-seq to developmentally assess the
frequency of V(D)J intermediates, most notably by quantitatively identifying the frequency of
particular DJH rearrangements (Hu et al., 2015) (Figure 23E, F). HTGTS-Rep-seq also could be
adapted for revealing joining patterns of individual Ds or Vs by using them as baits. Thus, this
assay, or adaptations of it, could be useful for detecting changes in repertoires that occur during
development, or during an immune response. However, use of HTGTS-Rep-seq for assaying
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certain antigen receptor repertoires, most notably TCRα repertoires, would currently be more
limited given the very large number of different Jαs (Lefranc et al., 2015).
HTGTS-Rep-seq requires as little as 100ng of genomic DNA (and potentially less) from
mouse splenic B cells to capture a representative profile of VH usage. Thus, this technique can be
applied to relatively small numbers of cells and yield accurate repertoire profiles. However, we
find that much larger amounts of starting material would be required to capture the full extent of
the immense complexity of the CDR3s that we demonstrate to exist in a given population of
splenic B cells. Moreover, potential inaccuracies that do arise in quantifying certain
rearrangements via HTGTS-Rep-seq, such as productive/non-productive ratios for the Igκ
repertoire, are due to inherent biological events that would be detected in other DNA-based
repertoire sequencing methods, such as non-productive VJκ rearrangements in the genome in
Igλ-expressing cells or sequential rearrangements involving inversional VJκ joining (Melchers et
al., 1999) (Figure 30). This ambiguity in the assay for the Igκ locus could be minimized if
desired by adding an initial step to enrich for sonicated DNA fragments containing sequences
just downstream of the whole Jκ region.
The ability to use linear amplification with only a single J primer or set of J primers by
HTGTS-Rep-seq avoids the necessity of employing sets of degenerate V primers (along with J
primers) required by prior DNA-based repertoire sequencing methods, which could lead to
variable amplification efficiencies of different V families or Vs within a family (Georgiou et al.,
2014). Being DNA-based, HTGTS-Rep-seq also bypasses a major limitation of RNA-based
methods for certain applications by quantitatively capturing the frequency of Ig rearrangements
in a population regardless of their expression level or whether they are productive or nonproductive. Current means to address biases due to multiplex PCR or varying expression levels
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between cells include the use of universal identifiers (Egorov et al., 2015; Khan et al., 2016;
Vollmers et al., 2013) or single cell methods (Sundling et al., 2014), but HTGTS-Rep-seq can
accurately identify a population repertoire profile without the additional cost or steps of
synthesizing primers with random barcodes, or sorting for single cells.
It is striking that in experiments where we sequence about 15,000 unique V(D)J
rearrangements from each of 3 technical repeats, we find less than 1% overlap of unique CDR3
sequences, emphasizing the great sensitivity of the approach. This highly sensitive HTGTS-Repseq approach should easily be adapted for application to human samples. In that regard, the
sensitivity of HTGTS-Rep-seq should provide a low cost and rapid method for identifying clonal
rearrangements (even DJH rearrangements) that would be diagnostic of clonal B or T lymphocyte
expansions that occur in the context of certain immune system diseases including cancers.
Finally, in our libraries, approximately one third of our joined sequences cover the entire length
of the approximately 370bp V(D)J exons, making HTGTS-Rep-seq applicable to tracking
dominant populations of particular V(D)J exons, including particular CDRs, that appear in the B
cell repertoire during antibody affinity maturation in an immune response. This application may
be enhanced as high throughput sequencing technologies are advanced to achieve greater lengths
and accuracy.
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Chapter 4: IGCR1 CBEs regulate V(D)J recombination at the IgH locus by forming loop
interactions in an orientation-independent manner
(Ongoing studies and Future Directions)

4.1 Overview
In this Chapter, we describe ongoing efforts to evaluate potential overlapping or unique
individual functions of IGCR1 CBE1 and CBE2 in regulating V(D)J recombination at the IgH
locus. These studies were undertaken with an overall motivation of gaining mechanistic insights
into roles of each of these IgH V(D)J recombination cis-acting regulatory elements with respect
to developmental regulation of IgH V(D)J recombination and the development of primary
antibody repertoires. In the following sections, we discuss on-going progress on this work and
also outline future experiments that could further advance these studies.
4.2 Quantifying changes in V(D)J recombination upon mutation of individual IGCR1
CBEs
Our finding that IGCR1 CBE1 and CBE2 cooperate to regulate V(D)J recombination was
partially based on observations of general differences in VH family usage, as determined by a
semi-quantitative PCR assay, when either one or the other CBE was mutated to no longer bind
CTCF (Lin et al., 2015). A contemporaneous study in our lab using LAM-HTGTS quantified
changes in VH usage upon complete IGCR1 deletion in much greater depth, based on LAMHTGTS assays of VH-RSS utilization during VH to DJH joining to a pre-rearranged DJH complex
in a v-Abl pre-B cell line (Hu et al., 2015). Thus, we sought to utilize this more sensitive LAMHTGTS method to quantify differences in specific VH usage upon individual IGCR1 CBE
mutations in primary pro-B cells.
We sorted and collected DNA from B220+CD43+IgM- pro-B cells of WT, CBE1&2-/-,
CBE1-/-, and CBE2-/- mice and then made LAM-HTGTS libraries from each using a bait primer
downstream of JH4 that captures RAG-mediated joins to the JH4 coding end. The majority of
junctions we recovered were either mediated between the bona fide JH4 23-RSS and a 3’D 12-
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RSS pair resulting in a DJH4 intermediate, or were mediated by the bona fide 5’D 12-RSS of a
DJH4 intermediate and a VH 23-RSS resulting in a VDJH4 exon (Figure 34A schematics in WT
panel). These DJH4 and VDJH4 coding join events involving 12/23 paired bona fide IgH RSSs
are referred to hereafter as IgH "on-target" joins. With respect to recovered IgH on-target joins,
VH and D usage spanned the entire VH and D portions of the IgH locus in the WT pro-B cell
LAM-HTGTS libraries (Figure 34A top panel; Table 3). We also note, that as previously
described in v-Abl transformed pre-B cell lines (Hu et al., 2015), a minority of joins to sites
within IgH were not mediated between bona-fide 12- and 23-RSS pairs and are referred to here
as IgH “off-target joins” (Table 3). Similar to what has been described previously for joining
from a DJH intermediate (Hu et al., 2015), such joins in our assay occur mainly between the JH4
or a DJH4 intermediate coding end and surrogate coding ends associated with cryptic RSSs along
the locus which most frequently are represented by a simple ‘CAC’ motif (Figure 35). These
joins will be described in more depth below.
As was observed in previously published WT pro-B cell LAM-HTGTS libraries, an
average of 35% and 65% of IgH on-target joins were VDJH4 joins and DJH4 intermediate joins,
respectively (Table 3; Figure 34A) (Lin et al., 2016). In contrast, CBE1&2-/- pro-B cell libraries
showed an increase in the number of VDJH4 joins (87% of IgH on-targets) and a corresponding
decrease in DJH4 intermediates (13%), consistent with increased levels of V-DJH relative to DJH
rearrangements previously observed in splenic B cells of IGCR1-/- versus WT mice (Table 3;
Figure 34A) (Guo et al., 2011b). Consistent with 3D-FISH and 4C-seq studies that show the IgH
locus to be contracted in WT pro-B cells (Fuxa et al., 2004; Kosak et al., 2002; Medvedovic et
al., 2013), VH usage in WT libraries spanned the entire 2.7Mb VH region, with a moderate bias in
usage of the most D-proximal VH81X (VH5-2; 4% of all junctions) (Figure 34A). The 2-fold
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increase in total VH usage observed in CBE1&2-/- libraries relative to WT is largely due to
increased usage of the VHs in the most D-proximal ~15kb region, which include VH5-1P, VH21P, VH81X (VH5-2), and VH2-2 (Figure 34A). Compared to WT, usage of these four VHs
increased 10-fold in CBE1&2-/- libraries, at which point they constituted 79% ± 2.2% of all ontarget IgH V(D)J junctions (Figure 34A).
The majority of these increased level of V(D)JH junctions in CBE1&2-/- libraries relative
to WT were to VH81X (65% ± 2.2% of all on-target junctions), leading to a 15-fold increase in
usage of this VH segment in CBE1&2-/- libraries relative to their existing over-utilization in WT
libraries (Figure 34B). Given that productive VH81X-DJH rearrangements are eliminated due to
negative cellular selection (Boekel et al., 1997), the actual de novo frequency of VH81X
rearrangements may be even somewhat higher than levels observed in our libraries. While used
much less frequently than VH81X, usage of VH2-2 and pseudo-VH5-1P were also increased 2.6fold and 29-fold, respectively, versus usage in WT pro-B cells (Figure 34B). Pseudo-VH2-1P was
not used in either WT or CBE1&2-/- libraries (Figure 34B). Beyond these four VH segments,
usage of other VHs upstream, including other proximal VHs, generally decreased well below WT
levels in the CBE1&2-/- background (4-fold decrease overall) (Figure 34A).
LAM-HTGTS libraries from CBE1-/- or CBE2-/- pro-B libraries revealed an
intermediate increase in the number of VDJH4 joins (CBE1: 73%; CBE2: 46% of IgH on-targets)
versus a corresponding modest decrease in DJH4 joins (CBE1: 27%; CBE2: 54% of IgH ontargets) (Table 3; Figure 34A). Although not as high as levels observed in CBE1&2-/- pro-B
libraries, we also observed increased total VDJH rearrangements at the expense of DJH
rearrangements in the CBE1-/- (1.9-fold) and CBE2-/- (1.3-fold) pro-B cell libraries relative to
WT libraries, again majorly due to increases in VH81X usage (12-fold in CBE1-/-, 3-fold in
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CBE2-/-) (Figure 34A, B). Similarly, we observed a 3-fold and 2.5-fold increase in VH2-2 usage,
and a 12-fold and 3-fold increase in VH5-1P usage, in CBE1-/- and CBE2-/- libraries,
respectively (Figure 34B). These moderate increases in proximal VH usage are consistent with
our previously implicated cooperative roles of CBE1 and CBE2 in IGCR1 insulating functions
(Lin et al., 2015). While there was about a modest (two-fold) decrease in the total number of
rearrangements to VHs upstream of the most proximal 15kb of the VH region in CBE1-/- pro-B
cells, we did not observe a significant decrease in the rearrangement levels of upstream VH
segments in CBE2-/- pro-B cells (Figure 34A). Overall, our findings support the notion that
IGCR1 CBEs majorly function cooperatively with each other to prevent premature activation and
rearrangement of the most proximal VHs.
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Figure 34. On-target joins recovered from LAM-HTGTS libraries made using a JH4-coding end
bait primer.
IgH locus is annotated to note VH, D, JH, iEµ, and CH regions. Red arrow indicates bait primer
location for LAM-HTGTS. (A) Sample IgV plots of IgH on-target VDJH4 and DJH4 joins in WT,
CBE1&2-/-, CBE1-/-, and CBE2-/- pro-B cell LAM-HTGTS libraries (representative of 3
biological repeats per genotype). Frequencies are plotted on a stacked log scale (linear scale
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Figure 34 (Continued)
within stack, log scale between stacks). Blue shaded rectangle indicates first 50kb of proximal
VH region; purple shaded rectangle indicates D region. Number of junctions listed for each
marked region is mean +/- SD of 3 biological repeats. (B) Distribution of proximal VH usage
within the 53kb most D-proximal VH region.
TableTable
4.1. Summary
of LAM-HTGTS
libraries
forfor
RAG-mediated
joining
at at
IgH
3. Summary
of LAM-HTGTS
libraries
RAG-mediated
joining
IgH
Genotype Exp
1
WT
2
3
Mean ± SD 1
CBE1&2 -/- 2
3
Mean ± SD 1
CBE1 -/2
3
Mean ± SD 1
CBE2 -/2
3
Mean ± SD -

Input
DNA
2ug
2ug
2ug
2ug
2ug
2ug
2ug
2ug
2ug
2ug
2ug
2ug
-

Junctions including
IgH
DJH4
duplicates
on-targets
on-targets
8983
8679
5335
10038
9616
6068
11514
11070
7638
10178 ± 1271
9788 ± 1205 6347 ± 1177
8957
8652
973
8309
7999
960
8369
8051
1175
8545 ± 358
8234 ± 363 1036 ± 121
8241
7963
2218
10190
9851
2506
9610
9278
2503
9347 ± 1001
9031 ± 968 2409 ± 165
10482
9865
4332
11094
10168
5751
9619
8687
5062
10398 ± 741
9573 ± 782 5048 ± 710

VDJH4
on-targets
3344
3548
3432
3441 ± 102
7679
7039
6876
7198 ± 424
5745
7345
6775
6622 ± 811
5533
4417
3625
4525 ± 959

IgH
off-targets
189
220
217
209 ± 17
126
117
142
128 ± 13
113
140
135
129 ± 14
141
167
112
140 ± 28

*Junctions are normalized to same amount of total bait aligned reads that either read across
the bait site (germline configuration) or contain a junction (translocation occurred). Total
77,981 reads per experiment.
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4.3 RAG tracking within the IgH locus in primary pro-B cells
Our prior studies have uncovered a novel RAG function that currently is best explained
by directional RAG tracking within loop domains within IgH and Tcra/d loci (Hu et al., 2015)
(Chen et al., 2016; Zhao et al., 2016). Initial studies at the IgH locus were performed in v-Abl
pre-B cell lines, so-named because although the IgH locus is not fully rearranged, the cells
majorly rearrange Igκ upon G1-arrest and RAG induction in vitro. At the IgH locus in v-Abl preB cell lines, putative RAG tracking, based on directional boundaries of off-target CAC usage, is
restricted to a "DJH" V(D)J recombination domain bounded by on the upstream side by IGCR1
(Hu et al., 2015). We thus first sought to investigate whether tracking also occurs in primary proB cells. From the same LAM-HTGTS libraries made from WT pro-B cells (N = 3) described in
the above section, we also recovered a low number of off-target junctions within IgH (Table 3).
Consistent with previous observations in the v-Abl pre-B cell lines (Hu et al., 2015), these
junctions mainly involved V(D)J recombination type joins between the JH4 23-RSS and
upstream surrogate coding ends associated with convergent ‘CAC’ motifs within the IGCR1
bounded recombination domain (combined WT libraries 583/626 = 93% of all off-target
junctions from 3 libraries) (Figure 35A-E) (Hu et al., 2015). Thus, these findings support the
notion that putative directional RAG tracking occurs across the upstream portion of the DJH
V(D)J recombination domain and ends at the IGCR1 boundary in primary pro-B cells as
observed in v-Abl pre-B cell lines (Hu et al., 2015).
Deletion of IGCR1, the recombination domain upstream boundary, was found to lead to
an extension of such putative RAG tracking beyond IGCR1 about 120kb upstream into the
location of proximal VHs in v-Abl transformed pre-B cells (Hu et al., 2015) and related
observations were made for the Tcrd locus in primary developing thymocytes (Zhao et al., 2016).
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To further investigate the role of IGCR1 CBEs in limiting RAG tracking to the DJH
recombination domain in primary pro-B cells, we investigated this phenomenon in CBE1-/- and
CBE2-/- pro-B cells versus WT and CBE1&2-/- pro-B cells. For each IGCR1 CBE mutant, we
plotted the off-target IgH locus junctions recovered from LAM-HTGTS pro-B cell libraries
(combined from 3 libraries per genotype) (Figure 35C). As observed in WT pro-B cell libraries,
these junctions were orientation-specific and majorly associated with convergent ‘CAC’ motifs
(Figure 35B-D). Compared to the average number of ‘CAC’ associated junctions within the
recombination domain in WT libraries, the mutant libraries showed a statistically significant
decrease in the number of junctions within this region, with CBE1&2-/- libraries showing a more
pronounced 2.5-fold decrease relative to the 1.8-fold and 1.6-fold decreases observed in the
CBE1-/- and CBE2-/- libraries (Figure 35E). In preliminary experiments, we also observed a
corresponding increase in the average number of ‘CAC’-associated junctions upstream of CBE1
in CBE1&2-/- (3.5-fold), CBE1-/- (1.6-fold), and CBE2-/- (1.5-fold) libraries relative to WT
(Figure 35E); further experiments are necessary to collect sufficient junctions numbers to
examine statistical significance.
Overall, this preliminary RAG IgH locus off-target data suggests that, as in v-Abl pre-B
lines (Hu et al., 2015), IGCR1 limits RAG tracking from the DJH recombination domain
upstream into the proximal VHs in primary pro-B cells. Our preliminary analyses also suggest
that CBE1 and CBE2 mutants may also work cooperatively to restrict RAG tracking to the
upstream proximal VH region. Again, however, a more robust data set will be needed reach the
statistical significant numbers of off-target junctions required to unequivocally assess this
preliminary indication. One might accomplish this by doing additional sequencing of current
libraries and/or new libraries to collect higher junction numbers in this experimental system.
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Also, a more robust approach, based on the prior analyses of v-Abl transformed cells (Hu et al.,
2015) may be to introduce the individual IGCR1 CBE mutations into a DJH-rearranged v-Abl
pre-B cell line (Hu et al., 2015) or to do the study with mice harboring germline DJH
rearrangements (J. Hu, Z. Ba, et al., unpublished data). These latter approaches would allow a
single primer to capture all IgH off-target events to the single DJH intermediate (Hu et al., 2015).
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Figure 35. Surrogate coding joins recovered from LAM-HTGTS libraries described in Figure 34.
Schematic of RAG-mediated joins to cryptic ‘CAC’ motifs throughout the IgH locus. (A) Partial
IgH locus is illustrated, spanning proximal VH region to iEµ. LAM-HTGTS bait primer is
denoted in orange, located downstream JH4 as in Figure 34. A DJH intermediate can join to
surrogate coding ends associated with ‘CAC’ motifs oriented in the same orientation upstream or
downstream the 5’D-RSS (pink triangles). These joining events read telomere to centromere
(blue arrows). Joins to surrogate coding ends associated with upstream convergent or
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Figure 35 (Continued)
downstream divergent ‘CAC’ motifs (light blue triangles) read centromere to telomere (red
arrows). (B) Table listing the orientation of the nearest associated ‘CAC’ of off-targets recovered
for each genotype. (C) IgV plot of total off-targets recovered for each genotype. (D) Plot of
distance to nearest ‘CAC’ for the convergent and same orientation subsets denoted in (B). (E
Proportion of off-targets upstream or downstream IGCR1 CBE1 for each genotype. Plotted are
mean ± SD, N=3.
4.4 Testing a requirement for convergent CBE pairs in IGCR1 CBE-based loop
interactions
Based on the studies described in Chapter 2 of this dissertation, we proposed a
convergent CBE-based looping model for IgH CBE function in regulating IgH V(D)J
recombination (Lin et al., 2015). Thus, we set out to test whether the divergently oriented CBE1
and CBE2 in IGCR1 form distinct chromatin loops with convergent VH-associated CBEs and
3’CBEs, respectively. For this purpose, we employed a novel chromatin conformation capture
(3C) method developed in the lab, termed 3C-HTGTS, that yields high-resolution interaction
profiles between a site of interest (anchor) and the remainder of the genome (Z. Ba & F. Alt,
unpublished). To generate the 3C library, chromatin is cross-linked, digested with a 4bp-cutting
restriction enzyme, ends ligated, and then reverse cross-linked (Figure 36A). The 3C library then
serves as input DNA for LAM-HTGTS. A bait primer is designed to amplify across one end of
the restriction fragment containing a site of interest (Figure 36A). This primed fragment end and
unknown interaction partner ends of the 3C ligation products are analogous to a known DSB end
and unknown partner DSB ends of genomic rearrangement events captured using LAM-HTGTS.
Thus, junction partners identified in 3C-HTGTS libraries represent genomic sites that interact
with the anchor site of interest.
3C-HTGTS libraries can be designed with a frequent cutter digestion strategy that yields
two distinct fragments containing either the IGCR1 CBE1 or the IGCR1 CBE2, which are 2.6kb
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apart. Thus, it is possible to make 3C-HTGTS libraries with primers to either CBE1- or CBE2containing restriction fragments and distinguish between interactions that involve each specific
CBE. For this purpose, we designed 3C-HTGTS bait primers that amplify across either end of
DpnII restriction fragments containing CBE1 or CBE2 and made 3C-HTGTS libraries from
RAG2-/- v-Abl transformed pro-B cell lines, which are primed for, but do not undergo, V(D)J
recombination (Figure 36B). (We refer to these v-Abl transformed cells lines as ‘pro-B’ in this
context, because they were made from Rag2-deficient B220+ cells from bone marrow. However,
these cells also primarily rearrange at the Igκ locus in vitro under RAG induction conditions.)
We recovered 143K-185K junctions, of which 41-44% mapped to the IgH locus (Figure 36C).
IgH interaction profiles of 3C-HTGTS libraries made with primers to either end of the CBE1anchor restriction fragment were essentially identical to each other, and IgH interaction profiles
of libraries made with primers to either end of the CBE2-anchor fragment were essentially
identical to each other (Figure 36D). Thus, priming to either end of the restriction fragment
containing a site of interest yields identical interaction profiles.
In agreement with previous 3C and 4C-seq analyses using IGCR1 as an anchor (Guo et
al., 2011b; Medvedovic et al., 2013), CBE1- and CBE2-anchor 3C-HTGTS libraries both had
enriched interactions with the approximately 60kb most proximal VH region, iEµ, γ1-γ2b
intragenic region, and 3’CBEs locales (Figure 36D). Notably, in contrast to our expectations, we
observed that CBE1 interacts not only with the convergent CBE-containing proximal VH locale,
but also with the locale of the downstream 3’CBEs oriented in the same direction as CBE1
(Figure 36D). Similarly, CBE2 interacts not only with the convergent 3’CBEs locale, but also the
locale of the upstream VH-associated CBEs oriented in the same direction as CBE2 (Figure 36D).
Thus, both CBE1 and CBE2 appear to form loops with partner CBEs oriented either
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convergently or oriented in the same direction, a finding that will be examined and discussed in
more depth in other experiments described below.
We confirmed these IgH interaction profiles using a different digest and CBE1-specific
primer strategy, involving primers upstream CBE1, and found that CBE1 interacts with the same
locales in either DpnII- or MseI-digested 3C-HTGTS libraries (See Figure 36 and Figure 37). In
preliminary experiments, we have made similar findings for CBE2 (data not shown). We also
compared IGCR1 CBE1-specific interactions between v-Abl cell lines and short-term cultured
RAG2-/- pro-B cells isolated from bone marrow (Ikawa et al., 2004; Lin et al., 2010), and saw
that CBE1 interacts with the same proximal VH locales in short-term cultured pro-B cells as was
observed in the v-Abl cell lines (Figure 37). However, we also observed a notable relative
increase in interactions between IGCR1 CBE1 and the middle and distal VH region in 3CHTGTS libraries made from the short-term cultured pro-B cells (Figure 37). Thus, while the IgH
locus is contracted in primary pro-B cells (Kosak et al., 2002; Medvedovic et al., 2013), our
findings suggest that it may be relatively de-contracted in v-Abl pro-B cell lines. Regardless, the
IGCR1 CBE1 interaction profiles spanning the 60kb most proximal VH region to the 3’CBEs are
identical in both the contracted and de-contracted IgH loci of cultured pro-B and v-Abl cells,
respectively (Figure 37). In preliminary experiments, we have similar findings for 3C-HTGTS
libraries from CBE2-/- pro-B cells (data not shown).
Consistent with previous 3C studies using IGCR1-deleted v-Abl pro-B cell lines, CBE1and CBE2-specific interactions are abrogated in 3C-HTGTS libraries made from RAG2-/CBE1&2-/- short-term cultured pro-B cells (Figure 38B-E) (Guo et al., 2011b). Although rarely
observed in genome-wide loop interactions (Rao et al., 2014; Vietri Rudan et al., 2015), the two
divergently oriented IGCR1 CBEs positioned 2.6kb apart could theoretically interact with each
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other, which could result in identical IgH interaction profiles in CBE1- and CBE2-anchored 3CHTGTS libraries. In this regard, these two CBEs are too proximal to each other to determine
conclusively whether or not they interact in WT pro-B cells. Thus, to determine whether CBE2specific interaction sites identified in the wild-type IgH alleles are altered when CBE1 is mutated
or vice versa, we made 3C-HTGTS libraries from short-term cultured RAG2-/-CBE1-/- and
RAG2-/-CBE2-/- pro-B cells. As expected, CBE1-anchor libraries of RAG2-/-CBE1-/- cells and
CBE2-anchor libraries of RAG2-/-CBE2-/- cells did not contain any loop interactions in the IgH
locus (Figure 38F, I). However, IgH interaction profiles in CBE2-anchored RAG2-/-CBE1-/libraries and CBE1-anchored RAG2-/-CBE2-/- libraries were identical to their respective RAG2/- controls (Figure 38B vs. H; C vs. G) and also identical to each other (Figure 38G vs. H). Both
showed enrichment at the proximal VH, iEµ, γ1- γ2b, and 3’CBEs locales (Figure 38G, H). Thus,
one IGCR1 CBE is sufficient to establish all major IgH interaction sites observed in wild-type
IgH alleles.
To confirm our finding of apparent orientation-independent formation of major proximal
IgH loops by IGCR1 CBEs, we made Rag2-deficient mice in which either CBE1 or CBE2 was
inverted (CBE1inv/inv; CBE2inv/inv) (Figure 39A). Using v-Abl transformed pro-B cell lines
made from B220+ bone marrow cells of these mice, we made 3C-HTGTS libraries to check for
altered interactions between IgH alleles carrying a wild-type IGCR1 or an inverted IGCR1 CBE.
The RAG2-/-, RAG2-/-CBE1inv/inv, and RAG2-/-CBE2inv/inv v-Abl pro-B cells all yielded
identical CBE1- and CBE2-anchored IgH interaction profiles with interaction sites at the most
proximal VHs, iEµ, γ1-γ2b, and 3’CBEs locales (Figure 39B-D). Thus, our 3C-HTGTS looping
studies in the various RAG2-deficient IGCR1 mutants yields the unanticipated finding that the
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two IGCR1 CBEs form orientation-independent loop interactions with partner proximal VHassociated CBEs and 3’CBEs.
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Figure 36. 3C-LAM-HTGTS (3C-HTGTS) with IGCR1 CBE1 and CBE2 anchor sites in RAG2/- v-Abl pro-B cell lines.
(A) Diagram of 3C-LAM technique. (B) DpnII and MseI digest primer strategies for CBE1anchor and CBE2-anchor 3C-LAM libraries. DpnII CBE1 primers #1 and #2 (shades of red)
amplify through the ends of the 908bp DpnII restriction fragment containing CBE1. CBE2
primers #1 and #2 (shades of blue) amplify through the ends of the 1.48kb DpnII restriction
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Figure 36 (Continued)
fragment containing CBE2. (C) Summary read distribution for 3C-LAM libraries made using
primers described in (B). (D) IgV plots of the 3C-LAM libraries made using primers described in
(B). The entire IgH locus is shown, with read counts plotted on a linear scale of 0-400. Regions
highlighted in yellow indicate enriched locales (60kb most proximal VH region, iEm, g1- g 2b,
and 3’CBEs locales). CBE1/2 anchor site is denoted with a black arrow.
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Figure 37. 3C-HTGTS with IGCR1 CBE1 anchor site in rag2-/- v-Abl or short-term cultured
primary pro-B cells.
3C-HTGTS libraries were made with a DpnII (top panel) or MseI (bottom panel) digest strategy.
Digest and primer (black triangle) strategies are depicted above each panel. DpnII CBE1 primer
amplifies through the upstream end of the 908bp DpnII restriction fragment containing CBE1.
MseI CBE1 primer amplifies through the upstream end of the 550bp MseI restriction fragment
containing CBE1. IgV plots of 3C-HTGTS libraries made from rag2-/- v-Abl or primary pro-B
cells are shown for each digest strategy. The entire IgH locus is shown, with read counts plotted
on a linear scale of 0-200 for DpnII libraries and 0-80 for MseI libraries. Regions highlighted in
yellow indicate enriched locales (60kb most proximal VH region, iEm, g1- g 2b, and 3’CBEs
locales). CBE1 anchor site is denoted with a black arrow.
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Figure 38. 3C-HTGTS with IGCR1 CBE1 and CBE2 anchor sites in RAG2-/- IGCR1 mutant
short-term cultured pro-B cells.
(A) Schematic of specific IGCR1 mutations and MseI-digest primer strategy for CBE1-anchor
(red arrow) and CBE2-anchor (green arrow) 3C-HTGTS libraries. (B-I). IgH annotation and proB cell CTCF-ChIP tracks are displayed above IgH interaction profiles of CBE1-anchor (left) and
CBE2-anchor (right) 3C-HTGTS libraries from RAG2-/- pro-B cells. IgH alleles tested are WT
(B&C), CBE1&2-/- (D&E), CBE1-/- (F&G), and CBE2-/- (H&I).
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Figure 39. 3C-HTGTS with IGCR1 CBE1 and CBE2 anchor sites in RAG2-/- IGCR1 CBE
inversion v-Abl pro-B cells.
(A) Schematic of specific IGCR1 CBE inversion mutations and MseI-digst primer strategy for
CBE1-anchor (red arrow) and CBE2-anchor (green arrow) 3C-HTGTS libraries. (B-D) IgH
annotation and pro-B cell CTCF-ChIP tracks are displayed above IgH interaction profiles of
CBE1-anchor (left) and CBE2-anchor (right) 3C-HTGTS libraries from RAG2-/- pro-B cells.
IgH alleles tested are WT (B), CBE1inv/inv (C), and CBE2inv/inv (D).
4.5 Discussion
Our current work provides major new insights into mechanisms by which IGCR1 CBE1
and CBE2 function in normal pro-B cells to regulate IgH locus V(D)J recombination specifically
within the DJH recombination domain. More generally, these studies, by showing that such
functions appear independent of CBE orientation, further indicates that the widely accepted
models that argue loops formed by convergent IgH locus CBEs may be critical for establishing
IgH locus V(D)J recombination regulatory loop domains may need revision.
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Through use of the LAM-HTGTS-based V(D)J recombination assay, we have shown that
combined mutations of IGCR1 CBE1 and CBE2 in primary pro-B cells resulted in a large
increase in utilization of the most proximal VHs, but mainly VH81X. Notably, this increased
utilization of the most proximal VHs was accompanied by a marked decrease in utilization of all
upstream VHs ranging from the proximal VHs just upstream of the three over-utilized VHs to
those at the distal end of the VH locus (Figure 34A). These findings greatly extend observations
we made previously with far less sensitive assays (Guo et al., 2011b; Lin et al., 2015). We also
note that both 4C-seq and 3D-FISH studies, along with our current 3C-HTGTS studies, indicate
that the IgH locus remains contracted in CBE1&2-/- pro-B cells (Figure 38; this chapter)
(Medvedovic et al., 2013). This finding, in combination with the fact that decreased VH
utilization starts near the proximal end of the locus, makes it unlikely that decreased utilization
beyond the most proximal four VHs in CBE1&2-/- primary pro-B cells is due to increased spatial
distance (de-contraction) between distal VHs and the downstream D and JH region. Instead, our
findings point to a specific role of IGCR1 CBEs in negatively regulating rearrangement of the
most proximal functional VHs, again most notably VH81X (Guo et al., 2011b). Such a role might
involve suppressing interactions of proximal VHs with the iEµ enhancer (Guo et al., 2011b)
and/or suppressing RAG tracking to the most 3'VHs (Hu et al., 2015). In either of these cases,
IGCR1 CBE1 plus CBE2 dependent suppression could prevent premature rearrangement of the
most 3' VHs, which could block substrates for distal VH to DJH rearrangement upon locus
contraction (Guo et al., 2011b).
Our prior LAM-HTGTS studies of a DJH rearranged IGCR1-/- v-Abl pre-B cell line
showed a more dramatic 80-fold increase in VH81X utilization as compared to the 15-fold
increase in VH81X utilization we observed in primary CBE1&2-/- pro-B cells. As mentioned
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above, it is possible that VH81X utilization differences between primary pro-B cells versus v-Abl
kinase-transformed pre-B lines could be impacted in part by negative selection against VH81X
rearrangements in vivo versus in vitro. There also could be several factors that might contribute
to this difference, relating to differences in the cells assayed. In this regard, the v-Abl pre-B cell
line employed was transformed with v-Abl kinase, DJH rearranged, and ATM-deficient. Another,
potentially important, difference in the cells that could impact IgH V to DJH rearrangement
frequency is the apparent differentiation stage difference between the primary pro-B cells versus
the v-Abl pre-B cell line, which are so-named because they tend to rearrange their Igκ locus, as
opposed to their IgH locus, upon G1-arrest and RAG induction in vitro.
Consistent with their "pre-B" designation, we indeed find that in v-Abl transformed pre-B
lines, IgH appears largely de-contracted based on 3C-HTGTS (Figure 38). This finding, coupled
with fact that the v-Abl lines target Igκ for rearrangement even though they may not have
undergone productive VH to DJH rearrangement, suggests that v-Abl transformation may have
pushed the cells through the IgH contraction stage to the Igκ rearranging stage. It is also notable
that the DJH-rearranged v-Abl transformed pre-B line we studied previously had an overall very
low rate of VH to DJH joining, with approximately 30% of those that did occur involving VH81X.
Notably, deletion of IGCR1 in this DJH rearranged v-Abl pre-B cell line led to an approximately
30-fold increase in overall VH to DJH rearrangements, nearly all of which (92%) were VH81X
rearrangements (Hu et al., 2015). These findings, together with our current findings, suggest that
IGCR1-deletion leads to a further overall increase in proximal VH utilization in v-Abl pre-B cells
that largely appear to have de-contracted IgH loci. A correlate of such a finding would be that in
these v-Abl pre-B cells the effects of IgH de-contraction extend even to the most proximal VHs.
In this scenario, the more major effects of IGCR1 deletion would result from having the V(D)J
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recombination domain extend to the proximal VH segments, via enhancer interactions and/or
RAG tracking, which would result in a dramatic increase in overall V(D)J recombination through
essentially specific activation of VH81X in the relatively dormant de-contracted IgH locus.
The divergent organization of IGCR1 CBE1 and 2, coupled with the convergent
organization of CBE1 with upstream VH CBEs and convergent organization of CBE2 with
downstream 3'CBEs led to the proposal that such organization might be important for
sequestering the IgH locus into V(D)J recombination regulatory domains (Bossen et al., 2012;
Degner et al., 2011; Guo et al., 2011a; 2011b). In support of this general notion, subsequent HiC studies revealed topological associated domains (TADs) and sub-TAD loop domains genome
wide to be preferentially bounded by convergently oriented CBE anchors (de Wit et al., 2015;
Guo et al., 2015; Rao et al., 2014; Sanborn et al., 2015; Vietri Rudan et al., 2015). Based on our
finding of synergistic CBE1 and CBE2 activities in regulating full IGCR1-mediated V(D)J
recombination regulation, we had proposed that the divergently oriented IGCR1 CBE1 and
CBE2 may participate in distinct loops with other CBEs in IgH that would separate the upstream
VHs from the downstream D-JH recombination domain that contained iEµ (Lin et al., 2015). We
specifically tested this general model in our current 3C-HTGTS studies that used individual
IGCR1 CBE mutations and inversions. We confirm that loops anchored by IGCR1 CBEs do
separate these two proposed types of V(D)J recombination regulatory domains. However,
surprisingly, we find that the formation of such loops along with their essentially full regulatory
activity is not restricted to convergent CBE pairs and does not change upon inversion of either
CBE1 or CBE2. These finding contrast to those of studies at other loci in which inversion of
CBEs involved in convergent CBE-based loop interactions led to chromatin loop disruption and,
in some cases, the formation of novel loops with new convergent CBE partners (de Wit et al.,
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2015; Guo et al., 2015; Sanborn et al., 2015). Our findings clearly show that formation of
biologically active CBE-based chromatin loops does not always require convergent orientation
of involved CBEs.
We also found that mutation of one IGCR1 CBE does not affect the loop interaction
profile of the remaining intact CBE. However, given that these interaction profiles are averaged
across a population of cells, it is likely that within individual cells carrying a single IGCR1 CBE
mutation, the remaining intact CBE may interact with either the VH-associated CBEs or the
3’CBEs, but not both simultaneously. In contrast, cells containing two intact IGCR1 CBEs
would be able to form both interactions simultaneously in the same cell. This difference could
explain the partial impairment of IGCR1 functions and intermediate levels of RAG tracking
upstream IGCR1 in the single CBE mutants, even as loop interaction profiles of the intact CBE
remain the same at the population level. Single cell 3C-based methods would provide a means to
test this hypothesis.
Similar to the IGCR1-3’CBE recombination domain at the IgH locus that restricts RAG
tracking activity (Hu et al., 2015), the Tcrd locus contains a convergent CBE paired INT2-TEA
loop domain that also restricts RAG tracking activity within a Dδ-Jδ recombination domain
(Zhao et al., 2016). Correspondingly, deletion of INT1/2 also allowed spreading of RAG
tracking activity into the upstream Vδ region (Zhao et al., 2016). Notably, insertion of a
forward-oriented ectopic CBE at Eδ, located between INT1/2 and a downstream CBE in the T
early alpha (TEA) region generated a novel loop interaction with the upstream INT2 CBE
oriented in the same direction, instead of the downstream convergently oriented TEA CBE. This
novel INT2-Eδ loop further restricted RAG activity and prevented RAG from tracking to the
downstream Eδ-TEA region (Chen et al., 2016). Our 3C-HTGTS studies and preliminary
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analyses of IgH off-target events at IgH alleles containing mutations of CBE1 or CBE2 have also
pointed to a cooperative role for orientation-independent CBE-based loops in restricting RAG
activity.
Follow-up studies of V(D)J recombination in the CBE1inv/inv and CBE2inv/inv mutant
mice using LAM-HTGTS will determine whether there is any change in IGCR1 insulating
functions and RAG tracking activity, even though looping profiles appear to not change.
Preliminary data indicates that CBE1inv/inv, but not CBE2inv/inv mice, show biased proximal
VH usage (data not shown). Given this CBE1inv/inv phenotype and the more severely deregulated IgH V(D)J recombination observed in CBE1-/- compared to CBE2-/- mice, CBE1 may
have additional functions beyond those involved in iEµ insulation. For example, differences in
CBE1- and CBE2-specific loop interactions may only become apparent at loci primed for active
V(D)J recombination which occurs in the G1 cell cycle phase. Thus far, our 3C-HTGTS studies
have been performed in cycling pro-B cells; thus, future 3C-HTGTS experiments on G1-arrested
v-Abl pro-B cells are critical for firmly identifying direct correlations between IgH loop
interactions and V(D)J recombination phenotypes and RAG tracking activity.
While the 3C-HTGTS looping studies were performed in RAG2-/- cells in which IgH
alleles are primed for but do not undergo V(D)J rearrangements, CBE1- and/or CBE2-specific
functions could arise at the intermediate VH to DJH stage of recombination. In this regard, it has
been noted that IGCR1 insulating functions must be neutralized in some manner upon formation
of a DJH rearrangement in order to allow upstream VHs access to the DJH intermediate (Alt et al.,
2013; Guo et al., 2011b). It has been proposed that IGCR1 CBEs could act as an anchor for
recruiting VHs to the DJH region during VH to DJH recombination (Degner et al., 2011). To
investigate whether contacts between IGCR1 CBE1 and the VH region are enriched at the onset
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of VH to DJH rearrangements, one could extend 3C-HTGTS studies to primary or G1-arrested
RAG2-/- v-Abl cells containing DJH-rearranged alleles that are primed for VH-DJH
recombination.
The CBEs in the proximal VH region are positioned just downstream of all functional VH
RSSs (Bossen et al., 2012; Degner et al., 2009; Proudhon et al., 2015). While the CBEs of
proximal VHs are known interact with IGCR1 CBEs (Figure 36D; S. Jain, Z. Ba, & F. Alt, data
not shown), a role for the VH-associated CBEs in regulating VH usage has not been shown. Thus,
specific mutations of CBEs located downstream the proximal VHs will inform on their role in
regulating VH usage. Additionally, CBEs in the distal VH region are largely interspersed between
VH segments, often between sets of multiple VHs (Degner et al., 2009). If CBEs in the distal VH
region contact IGCR1 CBEs at the onset of VH-DJH recombination, local RAG tracking activity
initiated from a synapsed VH 23-RSS and DJH 5’D-12-RSS pair could theoretically function to
diversify distal VH usage. To investigate whether RAG tracking occurs in the VH region, one
could perform LAM-HTGTS on G1-arrested v-Abl pro-B cell lines using bait primers specific to
particular VHs and/or their associated RSSs.
A role for the 3'CBEs, which form the major downstream IGCR1 looping partners, in
regulating V(D)J recombination has not been shown. Deletion of eight out of ten CBEs in the
3’CBEs region did not result in significant changes in VH usage based on PCR-Southern methods
analogous to those used in our single IGCR1 CBE mutation studies, but the two residual CBEs in
the region may be sufficient for 3’CBE function (Lin et al., 2015; Volpi et al., 2012). Deletion of
all ten CBEs in the 3’CBEs in association with studies like those described in this chapter should
provide further insight into potential roles of 3'CBE-mediated V(D)J recombination regulation at
the IgH locus.
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Beyond the CBE-paired loop interactions between IGCR1 CBEs and proximal VHassociated CBEs and 3’CBEs, IGCR1 CBE1 and CBE2 both also interact with the iEµ and
γ1-γ2b locales. While these locales do not bind CTCF, iEµ binds YY1 and γ1-γ2b binds both
YY1 and Pax5 (Degner et al., 2009; Guo et al., 2011a; Medvedovic et al., 2013; Park and
Atchison, 1991). CTCF interacts with both YY1 and Pax5, so the CBE1/2-iEµ and CBE1/2- γ1γ2b interactions could be mediated by CTCF-YY1 and/or CTCF-Pax5 interactions (Donohoe et
al., 2007; Medvedovic et al., 2013). Previous 3C and 3D-FISH studies in pro-B cells have
revealed impaired IgH locus contraction upon iEµ deletion, leading to the suggestion that iEµassociated loops have a role in mediating IgH locus contraction (Guo et al., 2011a). However,
more recent studies using 4C-seq and 3D-FISH methods on iEµ-deleted pro-B cells did not
confirm such a role for iEµ in locus contraction (Medvedovic et al., 2013). Specific deletion of
the iEµ and deletion of the relatively uncharacterized γ1-γ2b locale (and if warranted deletion of
factor binding sites within them), coupled with studies like those described in this chapter, could
provide further insight into the mechanisms of these cis-elements and their CBE1/2-associated
loop interactions in regulating IgH V(D)J recombination.
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Chapter 5: Materials and Methods

5.1 Chapter 2 Materials and Methods
Generation of IGCR1 CBE-mutated Mice. A previously described pLNTK targeting vector
containing scrambled mutations of the 20-bp CBE1 (WT sequence: 5’GCTTCCCCCTTGTGGCCAT-3’; scrambled sequence: 5’- CCTGCTAGCCTTCTCGTCG-3’)
and 19-bp CBE2 (WT sequence: 5’-TCTCCACAAGAGGGCAGAA-3’; scrambled sequence:
5’-ACTAGTAAAAAGCGGCCGC-3’) sites within IGCR1 was electroporated into TC1 ES
cells. Successfully targeted clones with single CBE1 scrambled or CBE2 scrambled site
integration, but not both, were assessed by Southern blot analyses using StuI (13.9kb untargeted;
10kb targeted), SpeI (16.3kb untargeted; 12.7kb targeted w/o CBE2 mutation; 11.2kb w/ CBE2
mutation), or HindIII/NheI (12.5kb targeted w/o CBE1 mutation; 3.1kb w/CBE1 mutation) digested genomic DNA with appropriate probes (Figure 9; also see supplementary figures &
table from (Guo et al., 2011)). Two independently targeted clones were subjected to adenovirusmediated Cre deletion to remove the NeoR gene and injected for germline transmission. Mice
were genotyped by PCR (See Table 4 for primer sequences). Wild-type 129/SV and C57BL/6
mice were used for breeding purposes. All animal experiments were performed under protocols
approved by the Institutional Animal Care and Use Committee of Boston Children’s Hospital.
Flow Cytometry Analysis. Bone marrow and spleen single cell suspensions were obtained from
4-6 week old mice. For IgMb:IgMa ratios, bone marrow and spleen cells were stained with
B220-APC or PECy5, IgMa-FITC, and IgMb-PE. B220+ live cells were plotted and gated for
IgMa and IgMb populations. Ratios = IgMb%/IgMa%.
V(D)J Recombination Assays. Genomic DNA was purified from sorted bone marrow pro-B
(IgM−B220+CD43+) and pre-B (IgM−B220+CD43−) cells, splenic mature B
(IgM+B220+CD43−) cells, and thymic double-positive T (B220−CD4+CD8+) cells of 4-6 week
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old mice. Fivefold serial dilutions of genomic DNA (200 ng, 40 ng, 8 ng for spl-B, pre-B, and
DP-T; 160ng, 32ng, 6.4ng for pro-B) was used to perform PCR to analyze V(D)J
rearrangements. Primers used in this assay are as described in (Guo et al., 2011). Primers
flanking exon 6 of the Dlg5 gene was used as a loading control, Vκ-to-Jκ rearrangement PCRs
were performed to assess potential B-cell contamination during double-positive T-cell analysis.
PCR products were gel electrophoresed and transferred to determine V(D)J recombination by
Southern blotting using radiolabelled oligonucleotide probes (see (Guo et al., 2011) for
sequences) and visualized by autoradiography on film or photostimulated luminescence using a
phosphorimager. Feedback assays, which involved breeding a VB1-8 knock-in Igh allele into
mice harboring IGCR1/CBE1- or CBE2- alleles, were performed as previously described (Guo et
al., 2011).
RNA Isolation and RT-PCR. We isolated RNA and performed RT-PCR using 1/20 of the
generated cDNA as previously described (Guo et al., 2011).
Generation of v-Abl Transformed Pro-B lines. RAG2-deficient pro-B v-Abl lines from WT
and the various mutant backgrounds were generated as previously described (Guo et al., 2011).
Table 4. Primers to genotype CBE1 and CBE2 mutations.
Name
Sequence
CBE1 WT -Forward
AGTCTCTGCTTCCCCCTTGT
CBE1 WT/mutation -Reverse
AGCACATGACCCTTCTCACC
CBE1 mutation -Forward
CTCTCCTGCTAGCCTTCTCG
CBE2 WT -Forward
TCTCCACAAGAGGGCAGAAT
CBE2 WT/mutation -Reverse
CTTATGGAATGGGTGGGTTG
CBE2 mutation -Forward
GGGAGATCTGTATCTCTTCCACTAGTAA
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5.2 Chapter 3 Materials and Methods
Mice. Wild-type 129SVE and C57BL/6 mice were purchased from Charles River Laboratories
International. All animal experiments were performed under protocols approved by the
Institutional Animal Care and Use Committee of Boston Children’s Hospital.
B cell isolation from bone marrow and spleen. Bone marrow-derived pro-B (B220+IgMCD43+) cells were purified from 129SVE or C57BL/6 mice by sorting and after the depletion of
erythrocytes. Single cell suspensions were stained with B220-APC, CD43-PE, and IgM-FITC
antibodies. Splenic resting B cells were purified using biotin/streptavidin bead methods (B220
positive selection (Miltenyi #130-049-501)) or EasySep CD43-negative B cell selection (Stem
Cell Technologies #19754).
HTGTS-Rep-seq. HTGTS-Rep-seq was performed as described (Hu et al., 2016). Primers are
listed in Table 5. For the DJH joins analysis, we employed the standard LAM-HTGTS
bioinformatic pipeline (Hu et al., 2016). For the VHDJH and VJκ identification, we demultiplexed MiSeq reads using the fastq-multx tool in ea-utils suite
(https://code.google.com/p/ea-utils/) and trimmed adaptors with cutadapt software
(https://code.google.com/p/cutadapt/). The paired reads were then joined using fastq-join tool
from ea-utils suite (overlap region ≥ 10 bp and mismatch rate ≤ 8%). Reads are then grouped as
joined reads and unjoined, and analyzed separately in the following analysis. We utilized
igblastn (Ye et al., 2013) using joined reads and unjoined reads against V(D)J gene databases
using default parameters. The V(D)J gene sequences were obtained from IMGT (Lefranc et al.,
2015), manually curated, and used to generate igblastn sequence databases. Various stringencies
were applied to filter reads that can align to V, D, J genes (igblast score > 150, total alignment
length > 100, overall mismatch ratio < 0.1). In unjoined reads, the top V gene identified in R1
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and R2 reads must match. The usage of V genes can be computed based on the processed Igblast
results. A pipeline named “HTGTSrep” is developed to conduct above-mentioned processing and
analyzing and can be downloaded at Bitbucket. https://bitbucket.org/adugduzhou/htgtsrep.

Sequencing and processed data were deposited into GEO database GSE82126.
Name
JH1-bio
JH1- red
JH2- bio
JH2- red
JH3- bio
JH3- red
JH4_bio
JH4 _red
Jκ1_bio
Jκ1_ red
Jκ2_bio
Jκ2_ red
Jκ4_bio
Jκ4_ red
Jκ5_bio
Jκ5_ red

Table 5. Oligos Used for library construction.
Sequence
Purpose
/5BiosG/CTGCAGCATGCAGAGTGTG
HTGTS bio primer for JH1 coding end
TGACATGGGGAGATCTGAGA
HTGTS red primer for JH1 coding end
/5BiosG/ACCCTTTCTGACTCCCAAGG
HTGTS bio primer for JH2 coding end
CCCCAACAAATGCAGTAAAATCT
HTGTS red primer for JH2 coding end
/5BiosG/GGGACAAAGGGGTTGAATCT
HTGTS bio primer for JH3 coding end
CCCGTTTGCAGAGAATCTT
HTGTS red primer for JH3 coding end
/5BiosG/CCCTCAGGGACAAATATCCA
HTGTS bio primer for JH4 coding end
CTGCAATGCTCAGAAAACTCC
HTGTS red primer for JH4 coding end
/5Biosg/TTCCCAGCTTTGCTTACGGAG
HTGTS bio primer for Jκ1 coding end
AGTGCCAGAATCTGGTTTCAGAG
HTGTS red primer for Jκ1 coding end
/5Biosg/ATTCCAACCTCTTGTGGGACAG
HTGTS bio primer for Jκ2 coding end
TCCCTCCTTAACACCTGATCTGAG
HTGTS red primer for Jκ2 coding end
/5BiosG/CGCTCAGCTTTCACACTGACTC
HTGTS bio primer for Jκ4 coding end
CAGGTTGCCAGGAATGGCTC
HTGTS red primer for Jκ4 coding end
/5Biosg/GCCCCTAATCTCACTAGCTTGA
HTGTS bio primer for Jκ5 coding end
GTCAACTGATAATGAGCCCTCTCC
HTGTS red primer for Jκ5 coding end
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