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Summary 

The RAG recombinase (RAG1/2) plays an essential role in adaptive immunity by mediating V(D)J 

recombination in developing lymphocytes. In contrast, aberrant RAG1/2 activity promotes 

lymphocyte malignancies by causing chromosomal translocations and DNA deletions at cancer 

genes. In addition, RAG1/2 can induce aberrant DNA insertions by transposition and trans-V(D)J 

recombination, but only few putative such events have been documented in vivo. Moreover, 

those observed in cancer display characteristics that are not compatible with either DNA 

transposition or trans-V(D)J recombination. Hence, how RAG1/2 causes genomic DNA insertions 

is still largely unknown. 

 

In this study, I use translocation capture sequencing (TC-Seq) and insertion capture sequencing 

(IC-Seq) to analyze chromosomal rearrangements in primary murine developing B cells. I 

identify aberrant RAG1/2-dependent DNA deletions at immunoglobulin genes, whose products 

are re-inserted at DNA breaks generated by the I-SceI endonuclease on a heterologous 

chromosome. The existence of similar insertions in human cancer indicates that RAG1/2 also 

mobilizes genomic DNA into independent physiologic breaks in vivo. Thus, my findings reveal a 

novel pathway through which RAG1/2 causes DNA insertions independent of DNA transposition 

and trans-V(D)J recombination. Importantly, this pathway has the potential to destabilize the 

lymphocyte genome by causing aberrant signal-end, hybrid-end and coding-end insertions and 

shares features with reported oncogenic DNA insertions. 
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Zusammenfassung 

Die RAG Rekombinase (RAG1/2) katalysiert die V(D)J-Rekombination in sich entwickelnden 

Lymphozyten und spielt daher eine essentielle Rolle in der adaptiven Immunität. Im Gegensatz 

dazu fördert die anomale Aktivität von RAG1/2 bösartige Lymphozytenerkrankungen durch die 

Verursachung von chromosomalen Translokationen und DNA-Deletionen in Krebsgenen. 

Darüber hinaus kann RAG1/2 anomale DNA-Insertionen durch Transposition und Trans-V(D)J-

Rekombination erzeugen, wobei jedoch nur wenige solcher vermeintlichen Ereignisse in vivo 

dokumentiert worden sind. Zudem weisen die in Krebs beobachteten Insertionen Eigenschaften 

auf, die weder mit DNA-Transposition noch mit Trans-V(D)J Rekombination kompatibel sind. 

Daher ist es immer noch weitgehend unbekannt, wie RAG1/2 genomische Insertionen 

verursacht. 

 

In dieser Studie nutze ich translocation capture sequencing (TC-Seq) und insertion capture 

sequencing (IC-Seq) um chromosomale Rearrangements in primären, sich entwickelnden Maus-

B-Zellen zu analysieren. Ich identifiziere anomale RAG1/2-abhängige DNA-Deletionen in 

Immunglobulin-Genen, deren Produkte in DNA-Brüche eingefügt werden, welche von der I-SceI 

Endonuklease in einem heterologen Chromosom erzeugt wurden. Die Existenz von ähnlichen 

Insertionen in menschlichen Krebserkrankungen deutet darauf hin, dass RAG1/2 genomische 

DNA auch in unabhängige, physiologische Brüche in vivo mobilisiert. Somit enthüllen meine 

Ergebnisse einen neuartigen Pfad, über den RAG1/2 DNA-Insertionen unabhängig von DNA-

Transposition und Trans-V(D)J Rekombination verursacht. Von großer Bedeutung ist dabei, dass 

dieser Pfad das Potential zur Destabilisierung des Lymphozyten-Genoms hat, da er anomale 

signal-end, hybrid-end und coding-end Insertionen erzeugt, und Merkmale aufweist, die auch 

bei onkogenen DNA-Insertionen beobachtet wurden. 
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Preface 

This study has been accepted for publication in The Journal of Experimental Medicine on 

December 12th 2016 (Figure 1; Rommel PC, Oliveira TY, Nussenzweig MC and Robbiani DF). In 

addition, it was presented in part during the Keystone Conference “B Cells at the Intersection of 

Innate and Adaptive Immunity” (Stockholm, Sweden; May/June 2016) and the symposium 

“Frontiers in DNA Repair” (Berlin, Germany; September 2016). 

 

 
 

Figure 1: Cover image submitted to The Journal of Experimental Medicine. 

Artistic depiction of RAG1/2-induced genomic insertions at RAG1/2-independent DNA breaks. RAG1/2 is represented by a 

computer (THE RAG RECOMBINASE) with screen and keyboard. Each key controls a specific activity of RAG1/2. “EXCISE” 

and “RELEASE” (buttons in red) are pressed which induces genomic DNA insertions (illustrated on the screen): RAG1/2 

(y-shaped structures in red, plotted based on crystal structure; (Kim et al., 2015)) excises and releases DNA fragments 

(short strands in green) from the genome (long strand in green). Subsequently, those mobilized fragments re-integrate 

into RAG1/2-independent DNA breaks elsewhere in the genome (broken strand in white). Idea by Philipp C. Rommel, 

design by Thiago Y. Oliveira. 
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1. Introduction 

1.1. Immunoglobulins 

The adaptive immune system has the capacity to initiate effective immune responses against a 

virtually limitless array of pathogens. B lymphocytes (B cells) are an essential part of this 

defense system. During an immune response, B cells target pathogens with the help of 

specialized glycoproteins (immunoglobulins, Igs) which bind to “foreign” antigens with high 

specificity (Murphy, 2012). Igs exist in two forms that mediate distinct effector functions: they 

are either expressed as membrane-bound B cell receptors (BCRs) to facilitate the detection of 

pathogens or secreted as antibodies for host defense. The entire B cell population contains a 

vast repertoire of antigen specificities (primary Ig repertoire) with each B cell expressing and 

secreting Igs of only a single specificity (Murphy, 2012). During an immune response, only cells 

expressing BCRs with matching antigen specificity are activated, clonally expanded and 

subsequently differentiated into antibody-secreting plasma cells (clonal selection). 

 

Antibodies are comprised of four polypeptide chains, two identical heavy chains (app. 50 

kilodaltons) and two identical light chains (app. 25 kilodaltons), which are connected by 

disulfide bonds and noncovalent interactions to form a roughly Y-shaped glycoprotein (Figure 

2A; (Murphy, 2012)). Each chain is comprised of one variable domain and one or multiple 

constant domains (Figure 2B; (Murphy, 2012)). The variable domains of heavy and light chains 

form the variable region which contains two identical antigen-binding sites at the tips of the 

antibody molecule. These facilitate binding of the antibody to specific structures (epitopes) 

within the antigen and thus determine its specificity. The constant domains of heavy and light 

chains form the constant region of the antibody. It contains the antibody “stem” which 

mediates important effector functions for the host defense against pathogens (opsonization, 

neutralization and activation of the complement system). In humans and most vertebrates (e.g. 

mice) there are five different heavy chain constant regions which determine the antibody class 

(isotype): µ (IgM), δ (IgD), γ (IgG), α (IgA) and ε (IgE). Each isotype possesses a distinctive set of 

effector functions. In addition, there are two types of light chains, λ and κ, which also differ in 

their constant regions but do not display any functional difference. 
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Figure 2: Structure of antibodies and BCRs. 

A- Heavy chains (green) and light chains (yellow) of an IgG antibody with their corresponding disulfide bonds. 

B- Variable region (red) and constant region (blue) of an IgG antibody. Each heavy chain consists of one variable domain 

(VH) and three constant domains (CH1, CH2, CH3) which are numbered from the amino terminus (top) to the carboxy 

terminus (bottom). Each light chain contains one variable domain (VL) and one constant domain (CL). Pairs of VH and VL 

form antigen-binding sites that bind to specific epitopes within antigens (black). CH2 and CH3 form the IgG stem that 

mediates important effector functions for the host defense against pathogens. 

C- Comparison between antibodies and BCRs. Heavy chains of IgM antibodies (left) and IgM BCRs (right) are comprised of 

four constant domains (CH1 - CH4, blue) and one variable domain (VH, red). In IgM antibodies (left), the heavy chain 

carboxy termini are hydrophilic secretory tails (one shown in orange). In contrast, those of IgM BCRs (right) form 

hydrophobic transmembrane anchors (one shown in yellow). 

D- The BCR complex. BCR heavy chains (one outlined in red) associate with the signaling protein chains Igα and Igβ (light 

blue and orange, respectively) that transmit cellular signals through immunoreceptor tyrosine-based activation motifs 

(ITAMs, yellow) upon antigen binding. 

A to D modified from (Murphy, 2012). 
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For each antibody isotype, there is a corresponding BCR. Both are nearly identical in their 

structure except for their heavy chain carboxy termini (Figure 2C; (Murphy, 2012)). In 

antibodies, these regions contain secretory tails whereas in BCRs they form transmembrane 

anchors. Despite structural similarities, BCRs mediate effector functions that are distinct from 

those of antibodies. The BCR “stem” associates with signaling proteins to form a BCR complex 

which transmits signals upon antigen binding and thereby mediates development, survival, and 

clonal expansion of B cells (Figure 2D; (Murphy, 2012)). All mature B cells co-express IgD and 

IgM on their cell surfaces. Other BCR and antibody isotypes are generated by class switch 

recombination (CSR), which occurs in antigen-activated B cells and is mediated by the 

activation-induced cytidine deaminase (AID). In the course of an immune response, AID also 

“fine-tunes” antibody specificities by inducing mutations at the antigen-binding variable region 

(somatic hypermutation). 

 

1.2. V(D)J recombination in B cells 

The diversity in the primary Ig repertoire is generated by V(D)J recombination, a somatic DNA 

rearrangement process that occurs during B cell development in the bone marrow (Murphy, 

2012). In their germline configuration, Ig chains are organized into three distinct loci 

(mouse/human): Igλ/IGL, Igκ/IGK and Igh/IGH (λ, κ and heavy chain, respectively). The variable 

domain of each chain is encoded by different sets of gene segments: variable (V), diversity (D) 

and joining (J, Figure 3; (Murphy, 2012)). 

 

 
 

Figure 3: Germline organization of human IG loci. 

From top to bottom: IGL (chromosome 22), IGK (chromosome 2), and IGH (chromosome 14). Each locus contains a 

variable number of V (red), D (green) and J (yellow) segments. In addition, there are one or multiple genes encoding for 

constant regions (C, blue). Upstream leader sequences (L) direct Igs into the cell’s secretory pathways. Murine Ig loci are 

located on chromosome 16 (Igλ), chromosome 6 (Igκ) and chromosome 12 (Igh). Modified from (Murphy, 2012). 
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During V(D)J recombination, the variable domains of heavy and light chains are sequentially 

assembled to form a functional antigen-binding variable region (Figure 4A; (Murphy, 2012)). The 

variable domain of the heavy chain is generated by randomly combining a D and a J segment 

and subsequently by joining a V segment to the combined DJ sequence. The resulting VDJ exon 

is transcribed and spliced to the downstream constant region to generate the final Ig heavy 

chain mRNA used for translation. The variable domain of the light chain is generated by a single 

joining step between a V and a J segment. Analogous to the Ig heavy chain, the final light chain 

mRNA is generated by splicing of the transcribed VJ exon to the downstream constant region. 

 

V(D)J recombination occurs at specific steps during B-cell development (Figure 4B; (Murphy, 

2012)). At the pro-B cell stage, the IgM heavy chain is assembled. In large pre-B cells, the 

assembled heavy chain is functionally tested by forming a pre-BCR with a surrogate light chain. 

If the heavy chain is functional, rearrangement at IGH stops (allelic exclusion). Otherwise heavy 

chain rearrangement is repeated using the second IGH allele. If that fails as well, the cell dies. In 

small pre-B cells, the IgM light chain is assembled. Rearrangement starts at either IGL or IGK and 

terminates if a productive light chain has been generated (allelic exclusion). Non-productive 

rearrangements can be rescued by rearranging unused gene segments at the same allele, by 

using the second light chain allele and finally by restarting the rearrangement at the second 

light chain locus. Since productive light chain rearrangement terminates V(D)J recombination, B 

cells express only one type of light chain (isotypic exclusion). In immature B cells, the functional 

IgM BCR is tested for its reactivity towards “self” antigens (central tolerance). B cells that are 

self-tolerant leave the bone marrow and complete their development in the peripheral 

lymphatic organs. Finally, mature B cells co-express IgD and IgM BCRs through alternative 

splicing of their heavy chain transcripts. 

 

The random combination of different gene segment variants and the pairings between heavy 

and light chains generate a vast Ig diversity (combinatorial diversity) which is further increased 

by nucleotide additions/deletions during the joining of gene segments (junctional diversity, see 

Figure 7). Overall, the primary Ig repertoire of naïve human B cells is estimated to contain at 

least 1011 different BCRs/antibodies (Murphy, 2012). 
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Figure 4: V(D)J recombination during B-cell development. 

A- Generation of Ig chains. Heavy chain (middle): The heavy chain variable domain (VH) is constructed in two steps. First, a 

D segment (green) is joined to a J segment (yellow). Then, the resulting DJ product is joined to a V segment (red). The 

constant region (CH1, CH2, CH3) originates from a downstream constant gene (C) with several exons (blue and purple) and 

is fused to the VDJ product by splicing. It contains a flexible hinge region (purple) that links each antibody arm to its stem. 

Light chain (right): The light chain variable domain (VL) is constructed in one step by joining of a V (red) to a J (yellow) 

segment. The constant region (CL) originates from a downstream constant gene (C, blue) and is fused to the VJ product by 

splicing. Leader peptides (L) direct Igs into the cell’s secretory pathways and are then cleaved. Modified from (Murphy, 

2012). 

B- Developmental stages of B cells. From left to right: B cells derive from hematopoietic stem cells. In pro-B cells, the Ig 

heavy chain (H-chain) is assembled by D-J and V-DJ rearrangement (early and late pro-B cells, respectively). Successful 

assembly generates pre-B cells which first test the Ig heavy chain by forming a pre-BCR (large pre-B cells) and then 

assemble the Ig light chain (L-chain) by V-J rearrangement (small pre-B cells). Successful assembly generates immature B 

cells which express IgM BCRs and, after testing for self-tolerance, migrate to the peripheral lymphoid tissues. Here they 

become mature B cells which express both IgD and IgM BCRs through alternative splicing. Modified from (Murphy, 2012). 
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1.3. The RAG recombinase 

V(D)J recombination is catalyzed by the RAG recombinase (RAG1/2), a heterotetrameric protein 

complex encoded by the recombination-activating genes RAG1 and RAG2 (Figure 5A; (Kim et al., 

2015; Ru et al., 2015). RAG1 is the principal DNA binding and cleavage component of the 

recombinase. RAG2 is an essential co-factor and consists of a core portion (RAG2core) minimally 

required for its activity and a C-terminal region important for efficiency, fidelity and ordering of 

V(D)J rearrangements (Figure 5B; (Akamatsu et al., 2003; Curry and Schlissel, 2008; Liang et al., 

2002; Talukder et al., 2004; Sekiguchi et al., 2001)). Mice deficient for either RAG1 or RAG2 lack 

mature lymphocytes and only contain pro-B cells and early T cell progenitors due to their 

inability to perform V(D)J recombination (for T cells, see Chapter 1.5; (Mombaerts et al., 1992; 

Shinkai et al., 1992). 

 
A 

 
B 

 
 

 
 

Figure 5: Structure and function of RAG1/2. 

A- Crystal structure of RAG1/2 (ribbon diagram). RAG1/2 is comprised of two RAG1 chains (blue and green) and two RAG2 

chains (both in magenta). Each RAG1-RAG2 subunit contains an active site (carboxylates shown as red sticks). Zinc ions 

(Zn2+, dark red spheres) are coordinated by two zinc-binding motifs in RAG1. Modified from (Kim et al., 2015). 

B- Schematic overview of RAG2. The core portion of RAG2 (amino acids 1-383, blue) is essential for DNA cleavage of 

RAG1/2 and also enhances its DNA binding ability. The RAG2 carboxyl-terminal region (amino acids 384-527, orange) 

enhances the catalytic activity of RAG1/2 and contains a plant homeodomain (PHD, green) that binds to trimethylated 

lysine 4 on histone H3 (H3K4me3). An acidic region upstream of the PHD also interacts with histones. RAG2 is only stable 

in G0 or G1 phase cells due to the phosphorylation of a conserved threonine residue (T490) in S, G2 and M phase cells. 

Modified from (Schatz and Ji, 2011). 
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1.4. Molecular mechanism of V(D)J recombination 

During V(D)J recombination, RAG1/2 recognizes and cleaves conserved recombination signal 

sequences (RSSs) that flank each V, D, and J gene segment. RSSs are comprised of a conserved 

palindromic heptamer that is required for DNA cleavage, a degenerate spacer of 12 or 23 base 

pairs (bp), and a somewhat less-conserved A-rich nonamer that is important for RAG1/2 binding 

(Figure 6; (Schatz and Ji, 2011; Murphy, 2012)). RSSs with 12- or 23-bp spacers are termed 

12RSSs and 23RSSs, respectively. 

 

 
 

Figure 6: Organization of physiologic RSSs at IG loci. 

Top: RSSs are comprised of a conserved heptamer (light red) and a somewhat less-conserved nonamer (blue) which are 

separated by a degenerate spacer of either 12 or 23 bp (orange and purple, respectively). Physiologic consensus 

sequences are shown on top. RAG1/2 cleavage occurs right upstream of the heptamer, whose first 3 bp are almost 

perfectly conserved in all physiologic RSSs (Schatz and Ji, 2011). Bottom: RSSs (triangles) flank each V(D)J gene segment 

(boxes) at IGL, IGK, and IGH (λ, κ, and H chain, respectively). V and J segments (red and yellow, respectively) are flanked 

by one RSS, whereas D segments (green) are flanked by two RSSs. Physiologic recombination occurs between a 12RSS 

(orange) and a 23RSS (purple). Modified from (Murphy, 2012). 

 

During V(D)J recombination, RAG1/2 first binds to a single 12- or 23RSS (signal complex) and 

then captures a “complementary” 23- or 12RSS (paired complex) according to the “12/23 rule” 

(Figure 7; (Schatz and Ji, 2011; Schatz and Swanson, 2011)). Upon synapsis, RAG1/2 introduces 

DNA double-strand breaks (DSBs) between coding sequences and flanking RSSs by making a 

single-strand nick which is used to catalyze a trans-esterification that produces a hairpin-sealed 

coding end and a blunt-cut signal end. After cleavage, RAG1/2 remains associated with paired 

coding and signal ends in a post-cleavage complex, thereby scaffolding their repair by non-
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homologous end joining (NHEJ). Coding ends are fused to produce V(D)J exons that form the Ig 

variable region and ligation of signal ends generates non-coding signal joints. 

 

 
 

Figure 7: Mechanism of V(D)J recombination. 

From top to bottom: Each V(D)J gene segment (red and blue boxes) is flanked by a corresponding 12- or 23RSS (red and 

blue triangles, respectively). In the first step, RAG1/2 (grey box) forms a 12 or 23 signal complex by binding to a 12- or 

23RSS, respectively. Second, RAG1/2 captures a “complementary” 23- or 12RSS (synapsis). Within the paired complex 

RAG1/2 introduces a DNA single strand break (nicking) between each gene segment and its flanking RSS (not shown). 

Alternatively, nicking might already occur within the signal complex in the previous step. Third, RAG1/2 introduces DSBs 

through transesterification which generates hairpin-sealed coding ends (left) and blunt-cut signal ends (right). Fourth, 

NHEJ factors supported by the RAG1/2 post-cleavage complex join cleaved ends to generate coding and signal joints. The 

formation of coding joints requires hairpin opening and DNA processing, which frequently causes nucleotide deletions 

and additions. Moreover, non-template nucleotides (light blue) are added by the terminal deoxynucleotidyl transferase 

(TdT). Modified from (Schatz and Ji, 2011). 
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Depending on the orientation of involved RSSs, RAG1/2 catalyzes either deletional (convergent 

RSSs) or inversional (head-to-tail RSSs) rearrangements. During deletional V(D)J recombination 

signal joints are released as episomes (Figure 8A), whereas they remain in the genome during 

inversional recombination (Figure 8B; (Helmink and Sleckman, 2012)). 

 
A 

 
 

B 

 
 

Figure 8: Deletional and inversional V(D)J rearrangements. 

A- Deletional V(D)J rearrangement. From left to right: Recombination of convergent RSSs (red and blue triangles) induces 

DNA deletion which generates genomic coding and episomal signal joints. 

B- Inversional V(D)J rearrangement. From left to right: Recombination of head-to-tail RSSs (red and blue triangles) 

induces DNA inversion which generates genomic coding and signal joints. 

A to B modified from (Helmink and Sleckman, 2012). 

 

1.5. V(D)J recombination in T cells 

T lymphocytes (T cells) form the second part of the adaptive immune system. They express 

immunoglobulin-like T cell receptors (TCRs) that resemble membrane-bound antibody 

fragments (Figure 9A; (Murphy, 2012)). TCRs are comprised of two transmembrane glycoprotein 

chains (TCRα and TCRβ) whose variable domains are assembled by RAG1/2-mediated V(D)J 

recombination during T-cell development in the thymus (Figure 9B; (Murphy, 2012)). In contrast 

to Igs, TCRs only bind to antigens that have been partly degraded inside host cells and are 

presented by the major histocompatibility complex (MHC) proteins on host cell surfaces 
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(Murphy, 2012). Moreover, T cells do not secrete soluble equivalents of their TCRs upon 

activation. Instead they are specialized on cell-cell interactions and mediate distinct effector 

functions based on their class and subtype (Murphy, 2012). Helper T cells (TH) provide necessary 

co-stimulatory signals to activate antigen-stimulated B cells (TH1 and TH2 subtypes) or infected 

macrophages (TH1 subtype) and recruit neutrophils (TH17 subtype). Cytotoxic T cells directly 

engage and kill host cells that are infected with intracellular pathogens (e.g. viruses). Regulatory 

T cells (Treg) suppress the activity of other lymphocytes and thereby help to control immune 

responses. 

 
A 

 
B 

 
 

 
 

Figure 9: TCRs and V(D)J recombination. 

A- Comparison between antibodies and TCRs. Top, an antibody with its two identical arms (each termed fragment 

antigen binding, Fab) and its stem (termed fragment crystallizable, Fc). Bottom, a TCR expressed on a T cell. Both Fab and 

TCR are comprised of two polypeptide chains (yellow and green) that each contain one variable domain (VL, VH and Vα, Vβ, 

respectively) and one constant domain (CL, CH and Cα, Cβ, respectively). The variable domains of the TCR form an antigen-

binding site (red) similar to that of the Fab (red). However, TCRs only bind to antigen fragments presented by host MHC 

proteins (not shown). Modified from (Murphy, 2012). 

B- V(D)J recombination in T cells. TCRs are encoded by variable (V, red), diversity (D, green) and joining (J, yellow) gene 

segments and constant genes (C, blue) at the Tcrα/TRA (top) and Tcrβ/TRB (bottom) loci (mouse/human, respectively). 

During V(D)J recombination, the variable domain of the TCRβ chain (bottom) is generated by D-J and V-DJ 

rearrangements. The resulting VDJ exon is transcribed and spliced to a downstream Cβ gene to generate the final TCRβ 

mRNA used for translation. The variable domain of the TCRα chain (top) is generated by a single joining step between a V 

and a J segment. Analogous to the TCRβ chain, the final TCRα mRNA is generated by splicing of the transcribed VJ exon to 

the Cα gene. A subset of T cells bear an alternative TCR comprised of γ and δ chains which are encoded at the Tcrγ/TRG 

and Tcrδ/TRD loci, respectively (mouse/human, respectively; not shown). Modified from (Murphy, 2012). 
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1.6. Aberrant V(D)J recombination 

1.6.1. RAG1/2-mediated chromosomal translocations and aberrant DNA 

deletions 

In addition to its essential role in adaptive immunity, RAG1/2 has been implicated in the genesis 

of chromosome translocations and aberrant DNA deletions associated with lymphoid 

malignancy (Lieber, 2016; Roth, 2003). Mice deficient for ataxia-telangiectasia mutated kinase 

(ATM) or both the tumor suppressor protein 53 (p53) and components of the NHEJ machinery 

develop RAG1/2 dependent chromosome translocations associated with pro-B cell lymphomas 

(Alt et al., 2013; Nussenzweig and Nussenzweig, 2010). In humans, RAG1/2 is implicated in the 

genesis of follicular lymphoma (FL), mantle cell lymphoma (MCL), and acute lymphoblastic 

leukemia (ALL), all of which carry genome aberrations in the proximity of RSSs in antigen 

receptor genes or non-physiologic cryptic RSSs (cRSSs) with conserved heptamer motifs (Alt et 

al., 2013; Küppers and Dalla-Favera, 2001; Nussenzweig and Nussenzweig, 2010). Predicted 

cRSSs are broadly distributed throughout the genome and so are RAG1/2 binding sites as 

assayed by chromatin immunoprecipitation (Ji et al., 2010; Lewis et al., 1997; Merelli et al., 

2010; Teng et al., 2015). Consistent with the idea that RAG1/2 can induce DNA damage at cRSSs, 

it causes chromosomal deletions, and in the context of ATM deficiency also translocations, 

between engineered RSSs and genomic cRSSs in primary pro-B cells and pro-B cell lines (Hu et 

al., 2015). The reported off-target mechanism involves directional, linear tracking of RAG1/2 

within chromosomal loop domains to locate RSS/cRSS pairs (Hu et al., 2015). 

 

1.6.2. RAG1/2-mediated DNA insertions 

Biochemical experiments as well as episomal assays in cell lines and yeast suggest that RAG1/2 

can mediate DNA insertions through transposition (Agrawal et al., 1998; Chatterji et al., 2006; 

Clatworthy et al., 2003; Elkin et al., 2003; Hiom et al., 1998; Lee et al., 2002; Neiditch et al., 

2002; Posey et al., 2006; Reddy et al., 2006; Tsai et al., 2003). During DNA transposition, RAG1/2 

excises RSS-flanked DNA fragments from donor sequences and mediates their re-integration at 

target sites through transesterification (“cut and paste”, Figure 10A). The insertion process 

utilizes the free hydroxyl groups of the cleaved RSSs to attack the phosphodiester bonds at the 
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target loci. The resulting staggered DNA breaks cause characteristic target-site duplications. 

Interestingly, similar reactions are a well-characterized feature of bacterial transposases which 

is why RAG1/2 is thought to have evolved from an ancient “RAG transposon”. Moreover, it has 

also been proposed that this “RAG transposon” contributed to the evolution of modern IG and 

TCR loci by fragmenting the precursors of antibody receptor genes through recurrent DNA 

transpositions (Agrawal et al., 1998; Hiom et al., 1998). 

 
A 

 
B 

 
 

 
 

Figure 10: RAG1/2-mediated DNA insertion through transposition and trans-V(D)J recombination. 

A- RAG1/2-mediated DNA transposition. RAG1/2 (grey spheres) excises a DNA fragment flanked by RSSs (black and white 

triangles) from a donor site and subsequently mediates its re-integration into unrelated target DNA by transesterification 

using the free 3’ hydroxyl groups (OH) of the cleaved RSSs. The insertion process generates staggered DNA breaks at the 

target site which leads to characteristic target-site duplications (jagged lines). Modified from (Lewis and Wu, 2000). 

B- Trans-V(D)J recombination. RAG1/2 (grey spheres) excises DNA flanked by RSSs (black and white triangles) from a 

donor site which generates a genomic coding joint (CJ) and an episomal signal joint (ESJ). Subsequently, RAG1/2 

recombines the ESJ in trans with another V(D)J gene segment which leads to its re-integration and the formation of a 

genomic signal joint (SJ) and a “pseudo-hybrid” joint (ΨHJ). The latter is characterized by extensive DNA processing 

(nucleotide deletions and additions, jagged line). Modified from (Vanura et al., 2007). 
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In addition, experiments with reporter cell lines indicate that RAG1/2 can mediate DNA 

insertions through trans-V(D)J recombination (Reddy et al., 2006). During trans-V(D)J 

recombination, RAG1/2 excises RSS-flanked DNA as episomal signal joints and then mediates 

their re-integration at endogenous RSSs or cRSSs through ongoing V(D)J recombination (Figure 

10B). 

 

1.7. Translocation capture sequencing 

In 2011, Klein et al. published a next-generation sequencing technique to capture and sequence 

rearranged genomic DNA (translocation capture sequencing, TC-Seq; (Klein et al., 2011; Oliveira 

et al., 2012)). In their system, a restriction site for the I-SceI endonuclease, which is normally 

absent from the mouse genome, is introduced at a specific locus, e.g. at the first intron of the 

myelocytomatosis oncogene c-myc (MycI). Subsequent expression of I-SceI induces a unique 

DSB at MycI which serves as “bait” to capture concurrent DNA breaks in the genome (Figure 

11A). Chromosomal rearrangements between the I-SceI break and the genome are amplified by 

semi-nested polymerase chain reaction (PCR), deep-sequenced and analyzed computationally 

(Figures 11B and 11C). 
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A B 

 
 

 
 

C 

 
 

Figure 11: Preparation and analysis of TC-Seq libraries. 

A- Basic principle of TC-Seq. Left: The mouse genome is represented as circle (grey, labeled with chromosomes). I-SceI 

induces a DSB at MycI on chromosome 15 (black box) while independent DNA damage factors cause concurrent DNA 

breaks throughout the genome, e.g. on chromosome 6 (red box). Breaks at the I-SceI site and the genome recombine and 

form rearrangements (lines inside the circle). Right: During TC-Seq, rearrangements to MycI are amplified by semi-nested 

PCR (black arrows), deep-sequenced and analyzed computationally (see also Figure 11C). 

B- Genome-wide rearrangements detected by TC-Seq. Circos plot of chromosomal rearrangements to MycI in activated, 

splenic AID-/- B cells. Each line represents a unique recombination event between the DSB at MycI (red arrow) and a break 

in the genome. Modified from (Klein et al., 2011). 

C- TC-Seq library preparation (simplified). 1. The I-SceI restriction site (grey pin) at MycI (black) is intact at the native but 

not at the rearranged locus (left and right, respectively) 2. Genomic DNA is fragmented by sonication and single-stranded 

overhangs are removed (polishing) to generate blunt ends (blue). Since sonication generates random DNA breaks, the 

produced ends are used to identify unique rearrangements during the computational analysis. 3. PCR-linkers (green) are 

ligated and DNA fragments are digested with I-SceI to degrade native DNA fragments (see left). 4. DNA fragments are 

amplified by semi-nested ligation-mediated PCR (black and green arrows). Digested DNA is not enriched (X). 5. PCR-

linkers are cleaved by restriction digest. A small linker fragment (green) remains and is used as control barcode during the 

computational analysis. Finally, sequencing adapters (pink) are ligated. 6. DNA fragments are deep-sequenced using 

paired-end next-generation sequencing and analyzed computationally. 
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1.8. Aims of the thesis 

RAG1/2 has been implicated in the genesis of chromosome translocations and aberrant DNA 

deletions associated with lymphoid malignancy (see Chapter 1.6.1). In addition, RAG1/2 has the 

capacity to induce aberrant DNA insertions through transposition and trans-V(D)J 

recombination (see Chapter 1.6.2). However, in contrast to translocations and aberrant 

deletions, only few putative RAG1/2-mediated genomic insertions have been documented in 

vivo (Curry et al., 2007; Messier et al., 2003; Vanura et al., 2007). Moreover, those observed in 

cancer reveal features that are neither compatible with DNA transposition nor trans-V(D)J 

recombination (Navarro et al., 2015). Thus, how RAG1/2 causes genomic DNA insertions still 

remains largely unknown. 

 

The general aim of my thesis was to characterize the potential of RAG1/2 to promote genome 

destabilization and lymphomagenesis on a genome-wide scale. My initial experiments were 

geared at identifying RAG1/2core-induced chromosome translocations throughout the genome 

using TC-Seq. Upon detecting a peculiar rearrangement pattern in a subset of events, my major 

objectives were: 

 

1. to analyze if RAG1/2core mediates aberrant DNA deletions that are compatible with the 

observed rearrangement pattern (see Chapter 3.3) 

2. to screen the TC-Seq data for bona fide insertions (see Chapter 3.4) 

3. to develop a novel assay to specifically detect chromosomal insertions from donor sites 

throughout the genome (see Chapter 3.5) 

4. to verify the occurrence of aberrant DNA insertions under physiologic conditions in the 

presence of RAG1/2 wild type (see Chapter 3.5) 

5. to screen for similar insertions at physiologic DNA breaks in vivo (see Chapter 3.6) 

6. to explore if related insertions might contribute to human cancer (see Chapter 3.6 and 

Discussion) 
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2. Materials and methods 

2.1. Mice 

Mutant mice used in this study include RAG2-/-MycI/I (B6(Cg)-Rag2tm1.1Cgn/J, The Jackson 

Laboratory and (Robbiani et al., 2008)), ROSAerISCEIMycI/IIghI/I and ROSAerISCEIMycI/IIghI/IAID-/- 

(Robbiani et al., 2015). All mice were in a C57BL/6 background or backcrossed to it for at least 

10 generations. All experiments were performed in agreement with protocols approved by the 

Rockefeller University Institutional Animal Care and Use Committee. 

 

2.2. Retroviruses 

Murine RAG2 (RAG2full) and RAG2core sequences were amplified from mouse genomic DNA using 

primers p2/p6 and p3/p6, respectively (Table S5). I-SceI was amplified from pMX-I-SceI-EGFP 

using primers p4/p5 (Table S5; (Robbiani et al., 2008)). Overlap extension PCRs of the above 

products with primers p2/p4 and p3/p4 generated I-SceI-P2A-RAG2full and I-SceI-P2A-RAG2core, 

respectively (Table S5). Finally, both constructs were cloned into pMX-EGFP to generate pMX-I-

SceI-P2A-RAG2full-EGFP and pMX-I-SceI-P2A-RAG2core-EGFP, respectively (Figure S1). 

 

2.3. Cell culture and infection for TC-Seq 

Pro-B cells were isolated from tibias, femurs and humeri of RAG2-/-MycI/I mice at 4-10 weeks of 

age by immunomagnetic enrichment with anti-B220 MicroBeads (Miltenyi Biotech). Cells were 

cultured at 2.0 x 106 cells/ml in the presence of IL-7 (5 ng/ml, SIGMA) in complete RPMI (RPMI-

1640 supplemented with L-glutamine (GIBCO), sodium pyruvate (GIBCO), antibiotic/antimycotic 

(GIBCO), HEPES (GIBCO), 55 µM beta-mercaptoethanol (GIBCO), and 10% fetal calf serum 

(Hyclone)). IL-7 was replenished on day 2. On days 3 and 4, cell supernatants were replaced with 

retroviral supernatants resulting from co-transfection (Fugene-6, Roche) of BOSC23 cells with 

pCL-Eco and pMX-I-SceI-P2A-RAG2core-EGFP or pMX-I-SceI-EGFP plasmids 3 days before 

(Robbiani et al., 2008). Spinoculation was at 1111 g for 1.5h in the presence of 2.5 µg/ml 

polybrene, 5 ng/ml IL-7 and 20 mM HEPES. After 6-8h at 37°C, on day 3 retroviral supernatants 

were replaced with original supernatants, while on day 4 cells were collected for IL-7 washout 
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and re-plating in fresh complete RPMI. Cells were harvested after 2.5 days of IL-7 depletion, 

sorted for EGFP-expression with a FACSAria instrument (Becton Dickson), pelleted, and snap-

frozen on dry ice. Samples infected with pMX-I-SceI-P2A-RAG2core-EGFP are referred to as 

RAG2core and those infected with pMX-I-SceI-EGFP are referred to as RAG2-/-. 

 

2.4. Cell culture for IC-Seq 

Bone marrow B cells were isolated from tibias, femurs and humeri of ROSAerISCEIMycI/IIghI/I and 

ROSAerISCEIMycI/IIghI/IAID-/- mice at 6-8.5 months of age by immunomagnetic enrichment with 

anti-B220 MicroBeads (Miltenyi Biotech). Cells were pooled and cultured at 2.0 x 106 cells/ml in 

the presence of IL-7 (5 or 10 ng/ml, SIGMA) and Tamoxifen (1 µM, SIGMA) in complete RPMI. 

On day 1, cells were collected for IL-7 washout and re-plated in fresh complete RPMI with 1 µM 

Tamoxifen. On day 2, cultures were harvested and cell pellets snap-frozen on dry ice. 

 

2.5. TC-Seq library preparation 

TC-Seq libraries of RAG2core and RAG2-/- pro-B cells were prepared in duplicates from each of 50 

million sorted cells, as previously described (Klein et al., 2011; Robbiani et al., 2015) with the 

exception that sonication of genomic DNA was performed with Covaris S220 (power 105, duty 

factor 5%, cycles 200, time 35s, water level 12, temperature 7°C) yielding a core of DNA 

fragments between 500-850 bp. Each library was sequenced twice using Illumina MiSeq (300 

cycles, paired-end). 

 

2.6. IC-Seq library preparation 

IC-Seq libraries of bone marrow B-cells were prepared in duplicates from 40 million and 60 

million cultured cells. Genomic DNAs were extracted with phenol-chloroform following 

Proteinase K digestion, washed twice with 70% ethanol and resuspended in TE buffer 

(Invitrogen). For the first PCR, 1 µg of DNA was amplified in each reaction with Phusion 

polymerase (NEB) and the MycI flanking primers p247/p251 with the following conditions: 98°C 

for 2 min; 35x (98°C for 10 s, 72°C for 1:30 min); 72°C for 5 min (Table S5). Pooled PCR reactions 
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were column purified (Macherey-Nagel) and high molecular weight products (1500-5000 bp) 

were isolated by agarose gel electrophoresis. Extracted DNA was digested with I-SceI (NEB) and 

column purified (Macherey-Nagel). In the second PCR, 25 ng DNA were amplified in each 

reaction with Phusion polymerase (NEB) and primers p274a/p275a, p274b/p275b, p274c/p275c 

and p274d/p275d with the following conditions: 98°C for 2 min; 3x (98°C for 10 s, 65°C for 30 s, 

72°C for 1 min); 32x (98°C for 10 s, 72°C for 1:15 min); 72°C for 5 min (Table S5). PCR products 

were pooled and high molecular weight amplicons (280-3000 bp) were isolated by agarose gel 

electrophoresis. Extracted DNA was digested with I-SceI (NEB) and column purified (Macherey-

Nagel). To add index adapters for sequencing, the PCR was similar as the second PCR but with 

primers pNextflex common/pNextflex index5 or pNextflex common/pNextflex index6 with the 

following conditions: 98°C for 2 min; 3x (98°C for 10 s, 67°C for 30 s, 72°C for 1 min); 32x (98°C 

for 10 s, 72°C for 1:15 min); 72°C for 5 min (Table S5). PCR products were pooled and high 

molecular weight amplicons (350-2000 bp) isolated by agarose gel electrophoresis. Extracted 

DNA was digested with I-SceI (NEB), column purified (Macherey-Nagel) and high molecular 

weight products (300-2000 bp) were isolated once more by agarose gel electrophoresis. 

Extracted DNA was sequenced twice using Illumina NextSeq (150 cycles, paired-end). 

 

2.7. TC-Seq analysis 

Two independent libraries were sequenced twice and the data pooled for analysis using a novel 

pipeline to identify rearrangement and insertion breakpoints. First, sequencing reads were 

trimmed for high quality with seqtk (error rate threshold of 0.01; Broad Institute) and those 

with primer sequences from the first PCR or less than 5 bp of MycI following the nested primer 

sequence were discarded. Second, reads were mapped against MycI with its repetitive regions 

masked using SMALT (v0.7.6, parameters: -c 11 -x -O; Sanger Institute). Paired reads that both 

aligned to MycI at their 5’ end were analyzed in “insertion mode”, otherwise they were 

processed in “rearrangement mode”. 

In rearrangement mode (Figures 13, 15, 16 and 17), bases aligning to MycI were clipped from 

either the beginning or the end of the reads and the remaining sequences were mapped to the 

mouse genome (mm10) with SMALT (parameters: -O -r -1). Only alignments with at least 36 bp 

and a Phred score of 20 were accepted. Reads with the same sheared ends, which derive from 
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sonication during library preparation, were merged into one event and single reads were 

preserved. Rearrangements that did not yield breakpoints were discarded. Finally, reads that 

crossed the I-SceI site by more than 3 bp were excluded. 

In insertion mode (Figures 20, 21 and 22), bases aligning to MycI were clipped from both ends of 

the reads and the remaining sequences were mapped to the mouse genome (mm10) with 

SMALT (parameters: -O -r -1). Only alignments with at least 36 bp and a Phred score of 20 were 

accepted. Pairs with incorrect genomic orientation (+/+ and -/-) were excluded. The alignment 

of insertions yielded either both genomic breakpoints (double junctions) or only one (single 

junctions). Because of saturation at MycI, events were merged if they possessed all of the 

following features: identical shears, genomic breakpoints within 5 bp and same orientation. 

Events based on single reads were preserved. Finally, reads that crossed the I-SceI site by more 

than 3bp were excluded. 

 

2.8. IC-Seq analysis 

Data from two independent libraries were pooled and analyzed similar to the “insertion mode” 

in TC-Seq, with minor modifications (Figure 24). Only genomic alignments with at least 25 bp 

and a Phred score of 20 were accepted. Insertions were merged if they possessed genomic 

breakpoints within 5 bp of each other and occurred in the same orientation. Finally, reads that 

crossed the I-SceI site by more than 3 bp were excluded. 

 

2.9. Analysis of rearrangements (TC-Seq) and insertions (IC-Seq) 

To characterize chromosomal rearrangements and insertions derived from distal regions 

(Figures 13C, 13D, 13E, 20C, 20D and 20E), the following portions of the genome were excluded: 

50 kilobases (kb) or 20 kb surrounding the I-SceI site at MycI (rearrangements or insertions, 

respectively), 2 kb surrounding cryptic I-SceI sites (consensus 

[TCA][AT]GGGATA[AC]CAGG[GCT][TC][ATC][AG][TAC]), RAG2 (likely representing retroviral 

integrations), 3 megabases (Mb) at each centromere and chromosome M (mitochondrial DNA). 

To determine the enrichment at genic regions (Figures 13C and 20C), the portion of DNA from -2 

kb of the most upstream transcription start site to the end of the last exon was considered as 
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genic. For transcription analysis (Figures 13D and 20D), RNA-seq data (Revilla-i-Domingo et al., 

2012) were mapped with STAR aligner (v2.4.2a, default parameters; (Dobin et al., 2013)) using 

the mouse genome (mm10) and removing multiple alignments. Transcripts were quantified and 

annotated using cufflinks (v2.2.1, cuffdiff parameters: --upper-quartile-norm --dispersion-

method per-condition; (Trapnell et al., 2013)) and Ensembl annotation (release 80). 

Transcription groups were defined using the mclust R package: silent (0 FPKM), trace 

(0.000000522291-2.8443 FPKM), low (2.84555-11.9418 FPKM), medium (11.9476-47.115 FPKM) 

and high (47.1191-74.211 FPKM). To detect enrichment within ERFS (Figures 13E and 20E), 

previously reported sites (Barlow et al., 2013) were lifted over from mouse genome mm9 to 

mm10 (UCSC LiftOver tool). 

 

2.10. Detection of rearrangement breakpoint clusters (TC-Seq) 

RAG1/2core-dependent breakpoint clusters were detected by a three-step process. First, 

RAG2core and RAG2-/- TC-Seq libraries were screened for local enrichment of rearrangement 

breakpoints to identify breakpoint hotspots (at least 3 breakpoints and a combined P value of 

less than 10-8, (Klein et al., 2011)). To prevent potential sonication artifacts, hotspots were 

excluded if their sheared ends are either within less than 18 bp of each other or overlap with 

simple repeat regions. Second, breakpoint hotspots were defined as RAG1/2core-dependent if 

they did not display any RAG2-/- breakpoints or sheared ends within +/- 1 kb distance. Third, 

breakpoint clusters containing 3 or more events within up to 25 bp distance of each other were 

identified within each RAG1/2core hotspot. Off-target clusters were manually filtered based on 

the location of recurrent breakpoints near CA motifs that were shared by at least 3 clusters 

(CACA, CACC, CACT and CAGA). Simple CA-repeat regions were excluded. Putative cRSS 

sequences were manually detected and analyzed using Geneious (Kearse et al., 2012) and 

RSSsite (http://www.itb.cnr.it/rss; (Merelli et al., 2010)). Sequences of physiologic RSSs were 

obtained from IMGT (http://www.imgt.org/) and published RSS data sets (Cowell et al., 2002). 

Annotation of V(D)J segments was based on Ensembl (release 80). Rearrangements crossing the 

I-SceI site were still allowed during the detection of breakpoint hotspots and clusters, but 

afterwards manually removed from all sites in the final data. 
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2.11. Analysis of insertions in human tumors 

A novel pipeline was established to search whole genome sequences for insertions derived from 

IG/TCR loci. First, IG/TCR baits were generated that correspond to regions spanning 150 bp 

upstream and downstream from each physiologic RSS cleavage site of human V and J segments 

(Ensembl, release 84). D segments were excluded and repeat regions were masked. Second, 

whole genome sequences from published human cancer datasets (Table S4; (Holmfeldt et al., 

2013; Okosun et al., 2014; Zhang et al., 2012)) were mapped with bwa mem (v0.7.12-r1039, 

default parameters) using the IG/TCR baits as references. Third, paired reads aligning to the 

baits were mapped against the human genome (hg38) using bwa mem (v0.7.12-r1039, default 

parameters). Only alignments with a Phred score of at least 20 were accepted. Finally, reads 

containing junctions (chimeric alignments) were filtered to yield insertions which were then 

manually verified using Geneious (Kearse et al., 2012). The analysis of publicly available human 

cancer datasets was classified as exempt activity by The Rockefeller University Institutional 

Review Board. 

 

2.12. Deletion PCR assays 

Genomic DNAs of TC-Seq (RAG2core and RAG2-/-) and IC-Seq (RAG1/2 wild type) cultures were 

used for deletion PCR assays. Duplicates for RAG2core and RAG2-/- originated from cell cultures 

with modified conditions: control was infected with pMX-EGFP; cells were transferred onto 

irradiated S17 stroma cells after IL-7 washout on day 4 and depleted for 1.5 days. In order to 

detect small and rare deletion events, nested PCRs with a “poison” primer were performed 

(Edgley et al., 2002). For PCRI, 100 ng (Jκ1/2, Jκ4/5) or 200 ng (Vκ3-1) genomic DNA was 

amplified in 20 µl reactions with HotStarTaq polymerase (Qiagen). For PCRII, 1µl of PCRI was 

used as template. For deletions at Jκ1/2, primers p195/p256/p258 (PCRI) and p196/p257 (PCRII) 

were used with the following conditions: PCRI, 95°C for 15 min; 30x (95°C for 45 s, 63°C for 45 s 

and 72°C for 25 s); 72°C for 5 min; PCRII, 95°C for 15 min; 30x (95°C for 45 s, 63°C for 45 s and 

72°C for 10 s); 72°C for 5 min (Table S5). For deletions at Jκ4/5, primers p199/p205/p255 (PCRI) 

and p200/p206 (PCRII) were used with the same cycling conditions as for Jκ1/2 (Table S5). For 

deletions at Vκ3-1, primers p243/p244/p245 (PCRI) and p207/p210 (PCRII) were used with the 
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following conditions: PCRI, 95°C for 15 min; 30x (95°C for 45 s, 63°C for 45 s and 72°C for 50 s); 

72°C for 5 min; PCRII, 95°C for 15 min; 30x (95°C for 45 s, 63°C for 45 s and 72°C for 20 s); 72°C 

for 5 min (Table S5). PCRII products were separated on 2% agarose gels stained with ethidium 

bromide. Fragments shorter than the expected size from the germline locus (Jκ1/2: <592 bp, 

Jκ4/5: <575 bp and Vκ3-1: <635 bp) were extracted (Macherey-Nagel) and sequenced 

(Genewiz). Deletion products were confirmed using Geneious (Kearse et al., 2012). 

 

2.13. V(D)J PCR assays 

Genomic DNAs of TC-Seq (RAG2core and RAG2-/-) cultures were used for V(D)J PCR assays. For 

RAG2full, cells were cultured as for TC-Seq but infected with pMX-I-SceI-P2A-RAG2full-EGFP. 

Duplicates originated from cell cultures with modified conditions: control was infected with 

pMX-EGFP; all cells were transferred onto irradiated S17 stroma cells after IL-7 washout on day 

4 and depleted for 1.5 days. Semi-quantitative V(D)J PCRs were performed as previously 

described (Dudley et al., 2003; Schlissel et al., 1991) with modifications: 100, 50 or 25 ng of 

template DNA were amplified in 20µl reactions with HotStarTaq polymerase (Qiagen). For V(D)J 

PCRs, primers p58/p96 (Dh-Jh PCR), p96/p98 (VhQ52-DJh PCR) and p305/p306 (Vκ-Jκ PCR) were 

used with the following conditions: 95°C for 15 min; 32x (95°C for 45 s, 62°C for 45 s and 72°C 

for 2 min); 72°C for 5 min (Table S5). For control PCRs (MycI) primers p113/p114 were used with 

the following conditions: 95°C for 15 min; 30x (95°C for 45 s, 58°C for 45 s and 72°C for 20 s); 

72°C for 5 min (Table S5). PCR products were separated on 1.5% agarose gels stained with 

ethidium bromide. 

 

2.14. Accession numbers 

The TC-Seq and IC-Seq sequencing data generated in this study can be accessed from the SRA 

database (SRP077983). 
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3. Results 

3.1. Chromosomal rearrangements in pro-B cells 

To examine RAG1/2-induced chromosomal rearrangements in developing B cells, I prepared TC-

Seq libraries from cell cultures of primary murine pro-B cells deficient for RAG2 and harboring I-

SceI sites at c-myc (RAG2-/-MycI/I) that were infected with retroviruses expressing either I-SceI 

alone (RAG2-/- TC-Seq libraries) or I-SceI together with murine RAG2core (RAG2core TC-Seq 

libraries; Figures 12, S1 and see Materials and methods). 

 

 
 

Figure 12: Detection of RAG1/2core-induced chromosomal rearrangements by TC-Seq. 

Primary RAG2-/-MycI/I pro-B cells are infected ex vivo with retroviruses that express either I-SceI alone (RAG2-/- TC-Seq 

libraries) or I-SceI together with murine RAG2core (RAG2core TC-Seq libraries) by using a “self-cleaving” P2A peptide. DNA 

breaks, such as those induced by RAG1/2core at Igκ on chromosome 6 (red lightning), rearrange to the I-SceI break at MycI 

on chromosome 15 (black lightning) and are subsequently amplified by PCR, deep-sequenced and analyzed 

computationally. RAG2core and RAG2-/- TC-Seq libraries were prepared in independent duplicates from infected pro-B cells 

of in total 180 mice. 

 

RAG2core was used since it promotes aberrant V(D)J recombination and causes genomic 

instability at Tcr loci in thymocytes (Deriano et al., 2011; Sekiguchi et al., 2001; Talukder et al., 

2004; Curry and Schlissel, 2008). Moreover, mice expressing RAG2core and deficient for either 

p53 alone or in combination with XRCC4-like factor (XLF) develop thymic or pro-B cell 

lymphomas, respectively, with translocations involving antigen receptor genes (Deriano et al., 

2011; Lescale et al., 2016; Mijušković et al., 2015). 
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In agreement with previous TC-Seq studies in other cell types, chromosomal rearrangements in 

pro-B cells were especially abundant near the I-SceI cleavage site on chromosome 15 (Figures 

13A and 13B; (Klein et al., 2011; Robbiani et al., 2015; Wang et al., 2014)). Moreover, 

rearrangements were enriched at genic regions, highly transcribed genes and early replication 

fragile sites (ERFSs), which define regions particularly susceptible to DNA damage during early 

replication (Figures 13C, 13D and 13E; (Barlow et al., 2013)). 

 

 
 

Figure 13: Landscape of chromosomal rearrangements in pro-B cells. 

A- Chromosomal distribution of rearrangements. Events were normalized per Mb to account for different chromosome 

sizes. 

B- Profile of rearrangements around the I-SceI site in 5 kb intervals. Dashed lines indicate the +/- 50 kb region excluded 

from the analysis for Figures 13C, 13D and 13E because of saturation. 

C- Proportion of genic rearrangements. 

D- Frequency of rearrangements derived from differentially transcribed genes compared to a random model (dashed 

line). Asterisks indicate values significantly different from random (p <0.01, binominal test). 

E- Observed number of rearrangements (o, triangle) originating from ERFS compared to the random Monte-Carlo 

simulation (s, boxplot). Asterisks indicate significant enrichment (p <0.0001, binominal test). 

For C to E, events from the saturated I-SceI region, cryptic I-SceI sites and other portions of the genome were excluded 

(see Materials and methods). Data analysis was performed with pooled RAG2core and RAG2-/- TC-Seq libraries (2 

independent experiments each). 
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3.2. DNA damage at physiologic and cryptic RSSs 

To identify RAG1/2core-dependent DNA damage, chromosomal rearrangements in RAG2core and 

RAG2-/- TC-Seq libraries were compared. Briefly, genomic hotspots of rearrangement were 

identified, and those unique to RAG1/2core were analyzed for the occurrence of breakpoint 

clusters (see Materials and methods). Overall, 33 RAG1/2core-dependent rearrangement 

breakpoint clusters were detected throughout the genome (Table S1). In agreement with 

previous studies, limited recombination of the Igh locus by RAG1/2core was observed and 

consequently only few disperse breakpoints were detected at Vh, Dh and Jh gene segments 

(Figure 14 and data not shown; (Akamatsu et al., 2003; Liang et al., 2002)). 

 

 
 

Figure 14: V(D)J recombination with RAG2-expressing retroviruses. 

Ethidium bromide stained agarose gels with PCR amplicons from TC-Seq cultures infected with retroviruses expressing 

I-SceI-P2A-RAG2full (Full), I-SceI-P2A-RAG2core (Core) or I-SceI (Cont) and water control (0; see Figure S1 and Materials and 

methods). V(D)J recombinations at Igh and Igκ loci were amplified and PCR at MycI served as input control. PCRs were 

performed with serial dilutions of genomic DNA (20,000 cells/well, 10,000 cells/well and 5,000 cells/well; triangles, left to 

right). Red arrows point to V(D)J or MycI products. DNA ladder is shown alongside. All results were verified by at least 2 

independent experiments. 
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In contrast, 24 RAG1/2core-dependent breakpoint clusters were identified at Igκ (Figure 15 and 

Table S1). 

 

 
 

Figure 15: Overview of rearrangement breakpoints at the Igκ locus on chromosome 6. 

Histogram of the number of breakpoints in the presence or absence of RAG2core (red and black, respectively) in 10 kb 

intervals. RAG1/2core-dependent rearrangement breakpoint clusters are indicated by red triangles and labeled with the 

corresponding Jκ or Vκ gene segment. Asterisks mark breakpoint clusters with biased rearrangements (see Figure 16). 

Chromosome coordinates and scale bar are indicated on top. Data analysis was performed with pooled RAG2core and 

RAG2-/- TC-Seq libraries (2 independent experiments each). 

 

Each functional Jκ segment (Jκ1, Jκ2, Jκ4, Jκ5) had a single cluster at its 23RSS cleavage site 

(Figure 16A). Surprisingly, DNA at these clusters recombined with the I-SceI break in a biased 

manner. Although in principle both DNA ends of a RAG1/2core-induced break would have an 

equal probability of joining to the cleaved I-SceI site, most rearrangements occurred with only 

one of the two ends for any RSS. For example, rearrangements between the I-SceI break and 

RAG1/2core breaks at Jκ1 exclusively involved the coding end (Figure 16A, rearrangements in 

grey), while those at the neighboring Jκ2 predominantly (86%) contained the signal end (Figure 

16A, rearrangements in green). Moreover, rearrangements at Jκ1 did not extended beyond the 

23RSS cleavage site of Jκ2, and vice versa. A similar phenomenon was observed for Jκ4/Jκ5 

(Figure 16A). 
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Figure 16: RAG1/2core-dependent breakpoint clusters at Jκs and Vκs. 

A to C- On top is a diagram of the region, with grey boxes representing Ig segments, triangles indicating 12/23RSSs 

(green) or cRSSs (purple), and red bars indicating the breakpoint clusters. In the middle, histogram showing the number 

and position of breakpoints (Bp, red). At the bottom, each horizontal line indicates a unique rearrangement (Rx), with its 

breakpoint represented by the vertical line, and its sheared end (which determines the uniqueness of the event) shown 

by the box. Color-coding indicates whether rearrangements contain RSSs/cRSSs (green/purple, signal ends) or not (grey, 

coding ends). Rearrangements in black are undefined. Chromosome coordinates and scale bar are indicated on top. Data 

analysis was performed with pooled RAG2core and RAG2-/- TC-Seq libraries (2 independent experiments each). 
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In addition to Jκs, breakpoint clusters were also found at 15 Vκ gene segments. Strikingly, while 

10 of these had a single cluster at their physiologic 12RSS cleavage sites, the other 5 (Vκ3-1, 

Vκ10-94, Vκ10-95, Vκ10-96 and Vκ1-110) revealed an additional cluster at a nearby cRSS (Figure 

15 and Table S1). Overall, the heptamer sequences of these cRSSs were similar to the 

physiologic consensus and to those identified in previous studies (Figure 17A; (Hu et al., 2015)). 

However, none of the cRSSs were detectable by computational tools because of their low RSS 

information content (RIC) scores (Table S2; (Cowell et al., 2002; Merelli et al., 2010)). Similar to 

the biased recombination pattern observed at Jκs, Vκ rearrangements at neighboring 

12RSS/cRSS clusters were biased for coding or signal ends and limited in length by both cleavage 

sites (Figures 16B and 16C). 

 

The remaining breakpoint clusters (9) mapped to off-target regions outside of Ig loci (Table S1). 

Off targets were preferentially in transcribed genes (6) but not enriched in histone H3 lysine-4 

trimethylation (H3K4me3), an active chromatin mark (data not shown). Off target clusters 

occurred near cRSS motifs that were similar to those identified at Vκ segments and also 

undetectable by computational tools (Figures 17A, 17B, 17C and Table S2). 

 

I conclude that RAG1/2core damages the B cell genome at physiologic and cryptic RSSs, and that 

some of the resulting DNA breaks at Jκs and Vκs recombine with the cleaved I-SceI site in a 

biased manner. 
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Figure 17: RAG1/2core-dependent breakpoint clusters at cRSSs. 

A- Heptamer sequences of cRSSs identified at RAG1/2core-dependent breakpoint clusters. The canonical RSS heptamer is 

shown on top (green). Below are cRSS heptamer sequences at breakpoint clusters located at off targets and Vκ segments. 

Green nucleotides are shared with the canonical heptamer. Underlined nucleotides are identical to those of previously 

identified cRSS heptamers (Hu et al., 2015). 

B and C- RAG1/2core-dependent off-target breakpoint cluster 52a and 373, respectively. On top is a diagram of the region, 

with black boxes representing long terminal repeats, triangles indicating cRSSs (purple) and red bars indicating the 

breakpoint clusters. In the middle, histogram showing the number and position of breakpoints (Bp, red). At the bottom, 

each horizontal line indicates a unique rearrangement (Rx, red), with its breakpoint represented by the vertical line, and 

its sheared end (which determines the uniqueness of the event) shown by the box. Chromosome coordinates and scale 

bar are indicated on top. Cluster 52a is located within an intron of Rab3gap2 and cluster 373 is intergenic. 

Data analysis was performed with pooled RAG2core and RAG2-/- TC-Seq libraries (2 independent experiments each). 
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3.3. Aberrant deletions at Igκ 

The peculiar rearrangement pattern observed at Jκ and some of the Vκ clusters suggested that 

RAG1/2core may mediate aberrant deletions by recombining neighboring RSSs and cRSSs at these 

sites. To examine this possibility, I developed high-sensitivity PCR assays based on the “poison 

primer” principle and searched for small aberrant V(D)J deletions (see Materials and methods; 

(Edgley et al., 2002)). 

 

Strikingly, aberrant deletions mediated by either RAG1/2core or endogenous wild type RAG1/2 

were readily detected at Jκs, where the RSSs at Jκ1 and Jκ4 were joined to the neighboring Jκ2 

and Jκ5 exons, respectively (Figures 18A and 18B). The resulting deletion junctions represent 

aberrant hybrid joints, which are defined as junctions formed by the joining of a RSS to its 

reactions partner’s coding flank (Helmink and Sleckman, 2012). Moreover, the observed 

deletions occurred between two 23RSSs and thus violate the 12/23-rule of V(D)J recombination 

(Helmink and Sleckman, 2012). 

 

In addition to those at Jκs, deletions mediated by either RAG1/2core or RAG1/2 wild type were 

also identified at Vκ3-1, where joining of the 12RSS to the nearby cRSS described above 

generated aberrant signal joints (Figure 18C). I conclude that both RAG1/2core and RAG1/2 wild 

type cause aberrant genomic deletions at Jκ and Vκ segments. 
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Figure 18: Aberrant deletions at Igκ mediated by RAG1/2core and RAG1/2 wild type. 

A to C- Deletions between neighboring RSSs or RSS/cRSS at Jκs and Vκs, respectively. Top, diagram of the locus before 

and after deletion by RAG1/2core or RAG1/2 wild type. The predicted size of the deletion is shown above. Grey boxes 

represent Ig segments, triangles indicate 12/23RSSs (green) or cRSSs (purple), red lightning points to RAG1/2 cleavage 

sites and black arrows indicate the location of the internal primers used for the deletion PCR (see Materials and 

methods). Bottom, ethidium bromide stained agarose gel with deletion PCR amplicons from cultured RAG1/2core (Co), 

RAG1/2 wild type (Wt) or RAG2-/- (Control) bone marrow B cells and water control (0). Red arrows point to amplified 

deletion junctions. DNA ladder is shown alongside. Deletions were captured from 20,000 cells/well (A and B) or 40,000 

cells/well (C). Selected amplicons were extracted and confirmed by sequencing. The frequency of aberrant deletions was 

subsequently determined by dilutional PCR. For Co: 1 in 4,000 cells in (A), 1 in 20,000 cells in (B), 1 in 600 cells in (C). For 

Wt: 1 in 3,600 cells in (A), 1 in 2,700 cells in (B), 1 in 39,300 cells in (C). Frequency of deletions by RAG1/2core were lower 

in the repeat experiment (see Materials and methods). All results were verified by at least 2 independent experiments. 
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3.4. Excised Igκ fragments insert into I-SceI breaks 

Based on the co-localization of biased rearrangements and aberrant deletions, I hypothesized 

that Jκ/Vκ fragments might be aberrantly excised by RAG1/2core and subsequently re-integrate 

at the I-SceI break (Figure 19 and see Discussion). To test this hypothesis, TC-Seq libraries were 

computationally screened for bona fide insertions, which would have been excluded from the 

initial bioinformatic analysis geared at identifying translocations. Briefly, insertions at the I-SceI 

site are flanked by MycI sequence on both ends, whereas translocations contain MycI sequence 

only on one end (Figure 19). Thus, all sequences with MycI on both ends were examined for 

intervening DNA originating from elsewhere in the genome (see Materials and methods). 

 

 
 

Figure 19: Cartoon diagram comparing RAG1/2core-induced translocations and insertions. 

In a translocation (red), RAG1/2core introduces a single DNA break (red lightning) that recombines with the cleaved I-SceI 

site at MycI (black lightning) on chromosome 15. The resulting translocation contains MycI only on one side. In an 

insertion (blue), RAG1/2core causes tandem DNA breaks (blue lightning) thereby excising a DNA fragment that 

subsequently re-integrates into the cleaved I-SceI site. The resulting insertion is flanked by MycI on both sides. 

 

I-SceI insertions were detected in both RAG2core and RAG2-/- TC-Seq libraries. Independent of 

RAG2core-expression, inserted DNA fragments originated predominantly from a +/- 20kb region 

around the I-SceI cleavage site on chromosome 15, similar to the chromosomal rearrangements 

described above (Figures 13A, 13B, 20A and 20B). Overall, inserted DNA fragments ranged from 

36 to 354 bp in RAG2core and from 36 to 232 bp in RAG2-/- cells (36 bp being the lowest detection 

limit, see Materials and methods). Moreover, genic regions acted as preferred donors for 

insertions, particularly in RAG2core-expressing cells (Figure 20C). In contrast, insertions 

originating from highly transcribed regions and ERFS were significantly enriched only in the 

absence of RAG2core, indicating that its expression alters the insertion landscape (Figures 20D 

and 20E). 
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Figure 20: Landscape of insertions in primary pro-B cells by TC-Seq. 

A- Origin of insertions by chromosome. Events were normalized per Mb to account for different chromosome sizes. 

B- Profile of insertions near the I-SceI site in 5 kb intervals. Dashed lines indicate the +/- 20 kb region excluded from the 

analysis for Figures 20C, 20D and 20E because of saturation. 

C- Proportion of insertions from genic regions. 

D- Frequency of insertions derived from differentially transcribed genes compared to a random model (dashed line). 

Asterisks indicate values significantly different from random (p <0.01, binominal test). 

E- Observed number of insertions (o, triangle) originating from ERFS compared to the random Monte-Carlo simulation (s, 

boxplot). Asterisks indicate significant enrichment (p <0.0001, binominal test). 

For C to E, events from the saturated I-SceI region, cryptic I-SceI sites and other portions of the genome were excluded 

(see Materials and methods). Data analysis was performed with pooled RAG2core and RAG2-/- TC-Seq libraries (2 

independent experiments each). 

 

In agreement with its influence on the insertion landscape, expression of RAG2core correlated 

with a higher amount of insertions from chromosome 6 compared to RAG2-/- cells (140 vs. 8 

events; Figure 20A), and nearly all of those (96%) originated from Igκ, while none derived from 

this locus in RAG2-/- cells (Figure 21 and Table S1). 
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Figure 21: Overview of insertions originating from the Igκ locus on chromosome 6. 

Histogram of the number of insertions derived from each site in the presence or absence of RAG2core (blue and black, 

respectively) in 10 kb intervals. RAG1/2core-dependent rearrangement breakpoint clusters at Jκs and Vκs (triangles, same 

as in Figure 15) are color-coded to indicate whether insertions from these sites are detected (blue) or not (red). Asterisks 

mark breakpoint clusters with biased rearrangements (see Figure 16). No insertions from Igκ were detected in RAG2-/- 

cells. Chromosome coordinates and scale bar are indicated on top. 

 

Overall, Igκ insertions represented nearly half (43%) of all insertions in RAG2core cells and 

exclusively originated from regions flanked by RSSs and/or cRSSs (Figures 22A, 22B and 22C). 

Interestingly, donor regions included all of the Igκ gene segments displaying biased breakpoint 

clusters, suggesting that DNA insertions from these sites are responsible for the observed 

recombination pattern (Figure 21, compare Figures 16 and 22 and see Discussion). 

 

For 67% of Igκ insertions sequence information on both junctions was obtained, providing 

insight into the original deletion events (Table S3). Overall, Igκ insertions originated from DNA 

excision between pairs of divergent, convergent or head-to-tail RSSs, leading to insertions 

flanked by coding ends (coding-end insertions, 77), signal ends (signal-end insertions, 8) or both 

(hybrid-end insertions, 6), respectively (Figures 22A, 22B, 22C and Table S3). Most deletions (87 

out of 91) occurred between RSS/cRSS pairs, three resulted from excisions between two cRSSs, 

and one derived from a deletion between two 23RSSs. I conclude that RAG1/2core generates 

aberrant Ig fragments that are mobile and can be re-inserted into I-SceI breaks on a 

heterologous chromosome. 
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Figure 22: Insertions derived from RAG1/2core-dependent breakpoint clusters at Jκs and Vκs. 

A to C- On top is a diagram of the region, with grey boxes representing Ig segments, triangles indicating 12/23RSSs 

(green) or cRSSs (purple), and red bars indicating the rearrangement breakpoint clusters (same as in Figure 16). In the 

middle, histogram showing the number and position of breakpoints (Bp, red). At the bottom, each horizontal line 

indicates a unique insertion (Ins), with its breakpoints represented by the vertical lines at the ends. Arrows represent 

insertions for which only one of the two breakpoints could be identified. Chromosome coordinates and scale bar are 

indicated on top. Data analysis was performed with pooled RAG2core and RAG2-/- TC-Seq libraries (2 independent 

experiments each). 
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3.5. Insertion of Igκ fragments excised by wild type RAG1/2 

As demonstrated by my deletion PCR assays, RAG1/2 can produce aberrant Igκ deletions 

analogous to RAG1/2core. Thus, mobilization and insertion of Igκ DNA could in principle also 

occur in wild type B cells. To test this possibility, I developed a next-generation insertion capture 

and sequencing method (IC-Seq), that qualitatively documents chromosomal insertions at an 

I-SceI site under physiologic conditions. IC-Seq libraries were prepared from primary bone 

marrow B cells expressing a Tamoxifen-inducible I-SceI transgene and bearing I-SceI cleavage 

sites (ROSAerISCEIMycI/IIghI/I and ROSAerISCEIMycI/IIghI/IAID-/-, see Materials and methods; (Robbiani 

et al., 2015)) that were treated ex vivo with Tamoxifen to induce I-SceI breaks in the presence of 

wild type RAG1/2. DNA insertions at the I-SceI site in MycI were amplified by PCR, deep-

sequenced, and analyzed computationally (Figure 23 and see Materials and methods). 

 

 
 

Figure 23: Detection of chromosomal insertions by IC-Seq. 

ROSAerISCEIMycI/IIghI/I (and ROSAerISCEIMycI/IIghI/IAID-/-, see Materials and methods) bone marrow B cells are treated ex vivo 

with Tamoxifen to induce I-SceI breaks at MycI on chromosome 15 (black lightning). Mobilized DNA fragments, such as 

those excised by endogenous RAG1/2 from Igκ on chromosome 6 (blue lightning), insert into the cleaved I-SceI site and 

are subsequently amplified by PCR, deep-sequenced and analyzed computationally. Two RAG1/2 wild type lC-Seq 

libraries were independently prepared from Tamoxifen-treated bone marrow B cells of in total 12 mice. 

 

Overall, I-SceI insertions from 7 different Igκ gene segments were detected (Jκ1, Jκ2, Jκ4, Jκ5, 

Vκ1-110, Vκ3-1 and Vκ4-69), of which 6 were also involved in the above described insertions 

mediated by RAG1/2core (Table S3). Moreover, similar to RAG1/2core, Igκ insertions in the 

presence of RAG1/2 originated exclusively from donor regions flanked by RSSs/and or cRSSs and 

were comprised of coding-, signal- and hybrid-end insertions (Figures 24A, 24B, 24C and Table 
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S3). I conclude that DNA insertions from Igκ are not limited to RAG1/2core but also occur during 

physiologic V(D)J recombination by wild type RAG1/2. 

 

 
 

Figure 24: Qualitative comparison of insertions obtained by TC-Seq (RAG1/2core) and IC-Seq (RAG1/2 wild type). 

A to C- On top is a diagram of the region, with grey boxes representing Ig segments and triangles indicating 12/23RSSs 

(green) or cRSSs (purple). Below, insertions detected by TC-Seq (Ins, same as in Figure 22) and IC-Seq (IC). Each horizontal 

line indicates a unique insertion, with its breakpoints represented by the vertical lines at the ends. Arrows represent 

insertions for which only one of the two breakpoints could be identified. Chromosome coordinates and scale bar are 

indicated on top. Data analysis was performed with pooled IC-Seq libraries (two independent experiments). 
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3.6. Insertion of IG and TCR fragments at physiologic DNA breaks 

To determine whether RAG1/2 causes insertions at physiologic DNA breaks in vivo, published 

whole genome sequences from ALL and FL patients were computationally screened for 

insertions deriving from IG and TCR loci (see Materials and methods). Overall, 5 out of 34 

patients displayed genomic insertions of IG or TCR fragments at low frequency (Table S4). All 

insertions contained at least one RSS or cRSS motif and integrated near repetitive regions 

(Figures 25A, S2 and S3). Interestingly, DNA flanking one of the inserts was inverted to form a 

putative cRSS/cRSS signal joint and in another case a TCR fragment inserted at a translocation 

junction (Figures 25A and 25B). I conclude that RAG1/2 has the potential to destabilize the 

lymphocyte genome by mobilizing DNA that then re-inserts at RAG1/2-independent, physiologic 

DNA breaks in vivo. 
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Figure 25: RAG1/2-induced insertions at physiologic DNA breaks in vivo. 

A- Diagram representing IG/TCR insertions detected in human cancer. From top to bottom: hypodiploid ALL (first), early 

T-cell precursor ALL (second and third) and FL (fourth and fifth). Boxes indicate IG/TCR segments (grey) or repeat regions 

(black) and triangles represent 12/23RSSs (green) or cRSSs (purple). Inserted gene segments and RSSs/cRSSs are labeled 

with their corresponding IG/TCR segment of origin. Unresolved junctions are indicated by dashed lines/triangles. The 

insertion detected in hypodiploid ALL (top) is flanked by an upstream inversion (red arrow), forming a putative cRSS/cRSS 

signal joint. One of the insertions in FL (bottom) occurred at a translocation junction. Whole genome sequences from 34 

cancer patients were analyzed. 

B- Diagram illustrating a putative RAG1/2-mediated DNA inversion caused by the insertion of a cRSS. Boxes represent IG 

segments (grey) or repeat regions (black), triangles indicate cRSSs (purple), lightning indicates DNA cleavage induced by 

RAG1/2 (red) or unknown factors (black). From top to bottom: First, DNA is damaged at a simple CA-repeat region within 

LINC00907 on chromosome 18. Second, the locus is opened at the break. Third, RAG1/2 excises a DNA fragment 

containing a cRSS from the TRA locus on chromosome 14 which subsequently re-inserts into the break (blue). Fourth, 

RAG1/2 cleaves and inverts DNA between the cRSS in the insert and a cRSS near the insertion site (red arrow). Finally, the 

DNA inversion generates a putative cRSS/cRSS signal joint as observed in Figure 25A (top). 
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4. Discussion 

4.1. RAG1/2 damages the pro-B cell genome at physiologic and 

cryptic RSSs 

I used TC-Seq to examine chromosomal rearrangements in the pro-B cell genome and identified 

33 RAG1/2core-dependent breakpoint clusters, of which 19 occurred at physiologic RSS cleavage 

sites. Consistent with this finding, a previous study in ATM-deficient pro-B cell lines detected 

chromosomal rearrangements between I-SceI breaks at c-myc and RAG1/2-induced breaks at 

antigen receptor loci including Igκ (Zhang et al., 2012). Interestingly, off-target clusters at cRSSs 

were not detected in those experiments. In contrast, 14 of the 33 RAG1/2core-dependent 

breakpoint clusters identified herein were located near cRSS motifs at Vκs and off-target regions 

outside Ig loci. Off targets were not enriched in H3K4me3, an active chromatin mark that has 

been shown to co-localize with RAG1/2 binding and cleavage in developing B cells (data not 

shown, (Hu et al., 2015; Ji et al., 2010; Teng et al., 2015)). Its absence might result from the fact 

that RAG2core lacks the C-terminal plant homeo domain, which normally mediates RAG1/2 

binding to H3K4me3 (Liu et al., 2007; Matthews et al., 2007; Ramón-Maiques et al., 2007; West 

et al., 2005). 

 

My results demonstrate that RAG1/2core-mediated cleavage of cRSSs enables chromosomal 

rearrangements by producing cleaved ends that can recombine with RAG1/2-independent DNA 

breaks. Moreover, my data confirms that neighboring RSSs and cRSSs are substrates for 

aberrant genomic deletions, in agreement with previous studies using engineered RSSs (Hu et 

al., 2015; Mahowald et al., 2009). I speculate that the cRSSs at Vκs identified herein might also 

serve as beneficial substrates for secondary V-J rearrangements during V-gene replacement, 

similar to those described at Vhs (Rahman et al., 2006). 
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4.2. Aberrantly excised Igκ DNA re-inserts at I-SceI breaks 

I hypothesized that some of the observed rearrangements resembling translocations may 

actually represent insertions of deleted DNA into the I-SceI break. Because DNA is sonicated 

during preparation of TC-Seq libraries, a fraction of insertions would be randomly truncated and 

appear as translocations in the analysis (see comparison between translocation and insertion in 

Figure 19). In agreement with this prediction, bona fide insertions originating from all 

RAG1/2core breakpoint clusters with biased rearrangements were identified. Furthermore, by 

using a novel next-generation sequencing method (IC-Seq) I confirmed Igκ insertions at I-SceI 

breaks in the presence of wild type RAG1/2. Igκ insertions mediated by RAG1/2core and RAG1/2 

wild type were similar in that they both originated from donor regions with RSSs/cRSSs and 

were comprised of all three insertion species (signal-end, coding-end, and hybrid-end). 

 

Overall, insertions detected by both TC-Seq and IC-Seq were short (354 bp or less). The absence 

of larger insertions is likely due to technical limitations. During TC-Seq, which was originally 

designed to detect chromosomal translocations, the size of insertions is mainly limited by the 

sonication of genomic DNA (see Materials and methods). I therefore expect long insertions to 

be truncated and appear as “translocations” in the computational analysis. In this regard, some 

of the apparent translocations at Vκs and Jκs could in principle result from the insertion of large 

physiologic excision fragments (10s-100s kb). Moreover, since even short insertions can be 

truncated, it is possible that TC-Seq considerably underestimates the actual frequency of 

insertions. During IC-Seq, which omits DNA sonication, the major factor limiting the detection of 

large insertions is PCR amplification. DNA templates with large insertions are likely 

outcompeted by those with small or no insertions. Finally, both TC-Seq and IC-Seq utilize high 

throughput sequencing (see Materials and methods), which is inefficient for DNA fragments 

above 1.5 kb. 
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4.3. Igκ insertions at I-SceI breaks are not mediated by DNA 

transposition or trans-V(D)J recombination 

Three distinct insertion species from Igκ were observed in this study: those flanked by RSS/cRSS 

pairs (signal-end insertions), those lacking RSSs altogether (coding-end insertions), and those 

bearing only one RSS or cRSS (hybrid-end insertions). 

 

Signal-end insertions derive from DNA deletion between convergent RSSs, which are normally 

joined to form episomal signal joints. There is some in vivo evidence that RAG1/2 can induce 

genomic insertions by re-cleaving and subsequently re-integrating episomal signal joints 

through either trans-V(D)J recombination or DNA transposition (Curry et al., 2007; Messier et 

al., 2003; Vanura et al., 2007). However, the observed signal-end insertions are not compatible 

with these two pathways because they occur at RAG1/2-independent DNA breaks generated by 

I-SceI. In contrast, during trans-V(D)J recombination it is RAG1/2 that cleaves the RSS/cRSS at 

the insertion site, and in DNA transposition RAG1/2 is responsible for catalyzing the nucleophilic 

attack required for insertion. Thus, the RAG1/2-induced signal-end insertions observed in my 

study are mediated by a pathway distinct from these previously described mechanisms. 

 

Coding-end insertions do not fit previously proposed RAG1/2 insertion mechanisms either, since 

both trans-V(D)J recombination and DNA transposition require RSSs-containing donor fragments 

(Agrawal et al., 1998; Curry et al., 2007; Hiom et al., 1998; Vanura et al., 2007). Coding-end 

insertions originate from DNA deletions between divergent RSSs, whose products are predicted 

to circularize into episomal coding joints. Since these cannot be re-cleaved by RAG1/2, coding-

end insertions likely originate from non-circularized, linear deletion products. 

 

Hybrid-end insertions derive from deletions between head-to-tail RSSs. In principle, such 

deletions produce episomal hybrid joints that contain a single RSS or cRSS. Although in vitro 

assays have shown that RAG1/2 can induce breaks at single RSSs, the extent to which this occurs 

in vivo is unclear (Eastman and Schatz, 1997; McBlane et al., 1995; Rahman et al., 2006; Yu and 
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Lieber, 2000). Hence, similar to coding-end insertions, those with hybrid ends likely derive from 

linear deletion products. 

 

Although Igκ insertions originate from distinct types of RAG1/2 deletions, I propose a model in 

which they all share a common intermediate: excised linear DNA fragments that escaped from 

the post-cleavage complex prior to end joining (Figure 26). This model agrees with biochemical 

experiments and studies with reporter cell lines showing that cleaved ends can prematurely 

escape the post-cleavage complex upon destabilization by either RAG2core, non-consensus RSS 

heptamers or absence of the DNA damage response kinase ATM (Arnal et al., 2010; Bredemeyer 

et al., 2006; Coussens et al., 2013; Deriano et al., 2011). My data support this model in two 

ways. First, the occurrence of coding- and hybrid-end insertions speaks against DNA 

circularization, and points to the existence of stable, linear DNA deletion products. Second, 

since DNA integration is independent of RAG1/2, neither donor fragments nor insertion sites 

require RSSs/cRSSs for the insertion process. In agreement with my findings, previous studies in 

reporter cell lines detected a few insertions of RSS-flanked donor substrates which were not 

mediated by DNA transposition or by trans-V(D)J recombination (Chatterji et al., 2006; Reddy et 

al., 2006). Similarly, a study in primary T cells reported a few cases in which the insertion of a 

specific RSS-flanked Tcrβ fragment occurred independent of both pathways (Curry et al., 2007). I 

conclude that RAG1/2 likely mobilizes linear deletion products, which are stable and have the 

capacity to re-insert back into the genome at independently generated DNA breaks on 

heterologous chromosomes. Thus, my findings reveal a novel RAG1/2-mediated insertion 

pathway distinct from DNA transposition and trans-V(D)J recombination. 
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Figure 26: RAG1/2 mobilizes DNA from antibody gene segments into RAG1/2-independent DNA breaks. 

A to C- Cartoon diagram to illustrate the pathways leading to insertion of RAG1/2 mobilized DNA into I-SceI breaks. 

Aberrant RAG1/2-mediated DNA excision at Vκ1-110 (A), Vκ3-1 (B) and Jκ1/2 (C) generates signal-end, coding-end and 

hybrid-end insertions, respectively. Boxes represent Ig segments (grey) or MycI (black), triangles indicate RSSs (green) or 

cRSSs (purple), red lightning points to RAG1/2 cleavage sites and brown ellipses represent the post-cleavage complex. 

From top to bottom: First, RAG1/2 induces DNA breaks at paired RSSs/cRSSs. Second, DNA is aberrantly excised and 

cleaved ends remain bound to the post-cleavage complex to support their repair by the NHEJ machinery. Third, excised 

DNA is either circularized and released from the post-cleavage complex as episomal joint (right arrow) or it escapes prior 

to end joining as linear fragment (left arrow). For signal-end insertions (A), linear DNA fragments might also originate 

from re-cleavage of episomal signal joints by RAG1/2 (dotted arrow). For coding-end and hybrid-end insertions (B and C), 

re-cleavage of episomal joints is unlikely due to the absence of paired RSSs (crossed arrows). Finally, mobilized linear DNA 

fragments re-insert into the genome at the I-SceI break. 
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4.4. Insertions originating from Igh 

In theory, RAG1/2 could also mobilize DNA at Igh. However, insertions derived from this locus 

were neither detected in the presence of RAG1/2core (TC-Seq) nor of RAG1/2 wild type (IC-Seq). 

This might be expected with RAG1/2core, since Igh recombination is limited in the absence of the 

RAG2 C-terminus (Akamatsu et al., 2003; Liang et al., 2002). However, Igh recombination is not 

impaired in the presence of wild type RAG1/2 and thus Igh could serve as insertion donor during 

IC-Seq. I hypothesize that the absence of insertions from Igh is caused by the presence of two 

I-SceI sites in the utilized bone marrow B cells, one at c-myc and the other one at Igh 

(MycI/IIghI/I, see Materials and methods). Thus, if RAG1/2 releases deletion products from IghI, 

those fragments will have a higher probability to re-insert at the proximal I-SceI break at IghI 

than at the distal break at MycI. In agreement with this, a clear preference for proximal DNA 

insertion is observed at MycI. I therefore speculate that RAG1/2 might mobilize DNA at IghI but 

those fragments are likely captured in cis by the nearby I-SceI break and thus do not re-insert at 

detectable levels at MycI. 

 

4.5. Insertions derived from non-Ig loci 

Although RAG2core-expression significantly alters the landscape of chromosomal insertions at 

I-SceI breaks, the majority of events originates from outside the Igκ locus in both RAG2core and 

RAG2-/- pro-B cells (57% and 100% of total, respectively). Those insertions possibly derive from 

regions prone to genomic instability caused by DNA transcription, replication or other sources of 

DNA damage. Consistent with this possibility, chromosomal insertions in RAG2-/- cells 

preferentially originate from highly transcribed genes and ERFSs. Alternatively or in addition, 

non-Igκ insertions may represent “templated-sequence insertions” which derive from reverse-

transcribed RNA (Onozawa et al., 2014). Finally, I cannot exclude that some insertions originate 

from RAG1/2-mediated deletions at off-target sites. In this context, it is intriguing that insertions 

of non-Ig DNA into antibody receptor genes were recently shown to contribute to antibody 

diversification (Tan et al., 2016). 
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4.6. RAG1/2 causes insertions at independent, physiologic DNA 

breaks 

As demonstrated by the computational analysis of human cancers in this study, RAG1/2-induced 

DNA insertions are not limited to I-SceI breaks but also occur at physiologic DNA breaks in vivo. 

The low number of IG/TCR insertions detected in the tumor analysis is likely due to limitations 

of currently available datasets as well as general limitations of whole genome sequencing 

techniques. Many of the publicly available tumor datasets either do not have a sufficient 

coverage or are not sequenced using long enough reads (e.g. 100 bp and above) to allow for 

robust detection of insertion junctions. Moreover, the preparation of genomic libraries 

generally involves DNA fragmentation, which inevitably truncates existing insertions thereby 

causing them to appear as “translocations” in the computational analysis. 

 

Nevertheless, the detection of RAG1/2-induced insertions is particularly important since they 

pose a threat to genomic stability in at least two ways. First, they provide functional RSS and/or 

cRSS substrates for secondary rearrangements. In fact, introducing a RSS outside of Ig loci has 

been shown to cause aberrant RAG1/2-mediated deletions and inversions (Hu et al., 2015; 

Mahowald et al., 2009). Consistent with this, one of the tumor-associated insertions was 

accompanied by the formation of a putative cRSS/cRSS signal joint, which likely originated from 

a secondary RAG1/2-mediated DNA inversion between the cRSS in the insert and a nearby cRSS. 

These and other downstream recombinations (e.g. deletions and translocations) might also 

render RAG1/2-induced insertions especially difficult to detect. Second, although none of the 

insertions in the analyzed patients are cancer drivers, the oncogenic insertion of an excised TCR 

fragment was recently described (Navarro et al., 2015). In the reported T-ALL patient, a DNA 

fragment flanked by two RSSs was excised from the TRB locus and re-inserted upstream of the 

TAL1 oncogene, causing its activation. Notably, the TRB fragment inserted at a RAG1/2-

independent DNA break, analogous to the insertions detected in my study. Furthermore, the 

oncogenic insertion of an IGH fragment was described in a patient with diffuse large B-cell 

lymphoma (Chaganti et al., 1998). In the reported patient, a rearranged DJ fragment inserted 

into a translocation junction involving the BCL6 oncogene which led to the expression of an 
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aberrant BCL6-IGH fusion transcript. Similarly, an inserted TCR fragment at a translocation 

junction was detected in this study. Thus, RAG1/2 has the capacity to destabilize the 

lymphocyte genome by producing cancer-associated DNA insertions. 
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5. Outlook 

My findings reveal a novel RAG1/2-mediated insertion pathway which destabilizes the genome 

and shares features with reported oncogenic DNA insertions. Three consecutive steps 

contribute to this pathway (see Figure 26): First, DNA is aberrantly excised from V(D)J loci by 

RAG1/2. Second, excised DNA is released from the post-cleavage complex as linear fragments. 

Third, released fragments re-integrate at RAG1/2-independent DNA breaks in the genome. 

 

Additional studies are required to further investigate this novel pathway, particularly the 

contribution of post-cleavage complex destabilization to the release of linear DNA fragments 

and the precise mechanisms of DNA re-integration at genomic breaks. Moreover, 

complementary studies are necessary to investigate if other loci beyond Ig/Tcr serve as donors 

for RAG1/2-mediated DNA insertions. Since events from such sites likely occur at very low 

frequency, their experimental validation will be particularly challenging and might require 

further improvements of current assays regarding their sensitivity and specificity. Finally, an in-

depth analysis of RAG1/2-mediated DNA insertions in human cancer is required. In this context, 

novel sequencing technologies with longer reading lengths will significantly reduce the current 

challenges in the bioinformatic detection of insertions (Goodwin et al., 2016). Altogether, future 

studies of RAG1/2-mediated DNA insertions will provide new insights into the genome 

destabilization in lymphocytes and thereby improve our mechanistic understanding of 

oncogenesis. 
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7. Appendices 

7.1. Supplemental figures 

 
A 

 
 

B 

 
 

Figure S1: Overview of retroviral plasmids. 

A- Schematic overview of the retroviral expression vector pMX-EGFP. The plasmid contains a retroviral 5’ long terminal 

repeat (5’ LTR, light blue), an extended retroviral packaging signal (Psi, orange), a multi-cloning site (MCS, red), an 

internal ribosomal entry site (IRES, orange), the coding sequence of the enhanced green fluorescent protein (EGFP, 

yellow), a SV40 promoter (SV40, green), the coding sequence of the puromycin-resistance gene (Puromycin, yellow), a 

retroviral 3’ long terminal repeat (3’ LTR, light blue) and the coding sequence of the ampicillin-resistance gene (Ampicillin, 

yellow). LTRs and Psi are derived from the Moloney murine leukemia virus, IRES is derived from the encephalomyocarditis 

virus and SV40 is derived from the simian virus 40. pMX-EGFP is adapted from (Kitamura et al., 2003). 

B- Overview of I-SceI/RAG2-expression constructs. Top and middle: I-SceI (black) is fused to RAG2full or RAG2core (both in 

red) through a GSG-linker and a P2A-peptide sequence (both in grey). During translation, P2A “self-cleaves” by ribosomal 

skipping (arrow) allowing co-expression of both I-SceI and RAG2full or RAG2core. The GSG-linker enhances the “self-

cleavage” efficiency of P2A (Szymczak-Workman et al., 2012). Both constructs were cloned into the MCS of pMX-EGFP to 

generate pMX-I-SceI-P2A-RAG2full-EGFP and pMX-I-SceI-P2A-RAG2core-EGFP, respectively (see Materials and methods). 

Bottom: An I-SceI-expression construct that was previously cloned into pMX-EGFP (pMX-I-SceI-EGFP; (Robbiani et al., 

2008)). I-SceI is preceded by a nuclear localization sequence and a human influenza hemagglutinin tag in all constructs 

(not shown).  
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Figure S2: Sequences of inserted IG/TCR fragments detected in ALL. 

A to C- Annotated sequences of insertions detected in hypodiploid ALL (A) and early T-cell precursor ALL (B and C). 

Annotations are color-coded to indicate insertion sites (yellow), inserted fragments (blue), IG/TCR segments (grey), 

repeat regions (black), RSSs (green) and cRSSs (purple). Sequences are annotated on top or below depending on strand 

orientation (positive or negative, respectively). Insertion sites are labeled with their corresponding chromosome and 

gene (all are located in introns). Inserted fragments are labeled with their corresponding IG/TCR segment of origin. 

Unresolved junctions are indicated by a stretch of “N”. Bp positions are indicated on top. Whole genome sequences from 

28 cancer patients were analyzed. 
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Figure S3: Sequences of inserted IG/TCR fragments detected in FL. 

A to B- Annotated sequences of insertions detected in FL. Annotations are color-coded to indicate insertion sites (yellow), 

inserted fragments (blue), repeat regions (black), RSSs (green) and cRSSs (purple). Sequences are annotated on top or 

below depending on strand orientation (positive or negative, respectively). Insertion sites are labeled with their 

corresponding chromosome and gene, if applicable. The genic insertion site in B is located in an intron. Inserted 

fragments are labeled with their corresponding IG/TCR segment of origin. Unresolved junctions are indicated by a stretch 

of “N”. Bp positions are indicated on top. Whole genome sequences from 6 cancer patients were analyzed. 
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Table S1: Overview of 

RAG1/2core-dependent 

rearrangement breakpoint 

clusters 

7.2. Supplemental tables 
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Table S2: RIC scores of 

cRSSs detected at Vκ and 

off-target clusters 

 

  

Breakpoint cluster ID Sequence RIC score RIC pass/fail

12RSS Vκ3-1 cacagtgctccagggctgaacaaaaacc -18.69136832 Pass

Cluster 52a cacacatgcaaaaccctcccccacatcc -42.24220581 Fail

Cluster 299 cagagatgtgacctcccagatgttctgc -60.19876497 Fail

Cluster 317 caccacacaggcaaaccattcagctcca -60.2941152 Fail

Cluster 339b caccttttctaacactgctgctctttct -62.57822193 Fail

Cluster 373 caccatgcttcctgccatgacgataatg -39.9072581 Fail

Cluster 642 cacatcccatccacaccagggagagagg -56.88263022 Fail

Cluster 766b cagacaggtagctcattgcatggtcaca -50.29668766 Fail

Cluster 795 cagactcatgtggatgagggatggtgat -60.57313112 Fail

Cluster 840 cacatccgccactgtccaaagcttctca -57.70119555 Fail

Vκ1-110 cacataaataacatatttagcagctggg -59.05145761 Fail

Vκ3-1 cactgcattaaacttgtgccataatatt -46.79598368 Fail

Vκ10-94/95/96 cactgccactgaaccttgatgggactcc -48.78786612 Fail

Breakpoint cluster ID Sequence RIC score RIC pass/fail

23RSS Jκ1 cacagtggtagtactccactgtctggctgtacaaaaacc -26.69788349 Pass

Cluster 52a cacacatgcaaaaccctcccccacatccttgctcagtct -66.3578573 Fail

Cluster 299 cagagatgtgacctcccagatgttctgctggagtatttt -69.55445364 Fail

Cluster 317 caccacacaggcaaaccattcagctccacccgtcggctg -80.48034728 Fail

Cluster 339b caccttttctaacactgctgctctttctgccacaacttt -62.073966 Fail

Cluster 373 caccatgcttcctgccatgacgataatggactaaacctc -70.44054501 Fail

Cluster 642 cacatcccatccacaccagggagagagggatgagtgtat -77.97159185 Fail

Cluster 766b cagacaggtagctcattgcatggtcacatcctaaccctg -80.55726856 Fail

Cluster 795 cagactcatgtggatgagggatggtgatgctgttgtggg -70.71142104 Fail

Cluster 840 cacatccgccactgtccaaagcttctcaggactaacaga -68.39744464 Fail

Vκ1-110 cacataaataacatatttagcagctgggatacccaaagt -61.92512645 Fail

Vκ3-1 cactgcattaaacttgtgccataatattcaacactttca -66.49278208 Fail

Vκ10-94 cactgccactgaaccttgatgggactcctgagtgtaaac -63.43022855 Fail

Vκ10-95/96 cactgccactgaaccttgatgggactcctgagtgtaatc -65.62745313 Fail

RIC scores of physiologic RSSs (green) are shown as control for analyzed cRSSs

pass/fail thresholds: 12RSS pass with RIC > -38.81, 23RSS pass with RIC > -58.45 (Cowell et al., 2002)

12cRSS configuration

23cRSS configuration

Table S2: RIC scores of cRSSs detected at Vκ and off-target clusters
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