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   Abstract     Chromosomal translocations frequently involve fusion of the ends of two 
separate DNA double-stranded breaks (DSBs) at distinct genomic locations. 
Recurrent chromosomal translocations are found in various cancers. Recently 
developed high-throughput approaches to clone genome-wide translocations that 
involve site-specifi c DSBs have provided new insights into mechanisms of chromo-
somal translocations. Such studies confi rmed that, beyond cellular selection forces, 
basic mechanistic factors, including DSB frequency and persistence, as well as 
aspects of three dimensional genome organization, can contribute to recurrent trans-
locations in a cell population. This review discusses our current view of the contri-
bution of such mechanistic factors to recurrent chromosomal translocations.  
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3.1         Overview: Mechanisms of Recurrent Oncogenic 
Translocations 

 Chromosomal translocations (“translocations”) were observed cytogenetically over 
50 years ago; since then, recurrent translocations have been identifi ed in many types 
of cancers, most frequently in lymphoid and myeloid neoplasms, but also in solid 
tumours, such as lung and prostate cancers [ 1 – 4 ]. Translocations can contribute to 
both initiation and progression of neoplastic transformation, most frequently by 
leading to abnormal activation of cellular oncogenes [ 3 ]. In this regard, many trans-
locations likely arise at very low frequency and are strongly selected during the 
tumourigenesis process leading to their appearance as clonal events in tumour cells. 
Cancer genome studies indicate that most translocations result from end-joining of 
two DNA double-stranded breaks (DSBs) that occur at two separate genomic loca-
tions. In this context, most joins of DSB ends from two distinct DSBs, whether on 
a separate chromosome to generate translocations or on the same chromosome to 
generate interstitial deletions or inversions, appear mechanistically related and can 
be considered as translocations [ 5 ]. 

 Translocations between two genes can result in expression of hybrid fusion pro-
teins, which generate aberrant activation of proto-oncogenes. A notable example is 
the  BCR - ABL1  translocation between human chromosomes 9 and 22, also known as 
the Philadelphia chromosome, that is found in chronic myelogenous leukaemia and 
early B cell leukaemias [ 6 – 8 ]. Many other such examples for other tumour types 
have been elucidated [ 9 ,  10 ]. Translocations between different genomic sequences 
also can activate proto-oncogenes by deregulating their expression, often by linking 
them to strong  cis -regulatory elements, a mechanism common in lymphoid malig-
nancies in which translocations link strong transcriptional enhancers or super- 
enhancers in antigen receptor loci to cellular oncogenes [ 4 ,  9 ,  11 ]. A classic example 
of this type of oncogenic translocation are translocations that fuse immunoglobulin 
(IG) heavy chain locus ( IGH ) and its 3′ regulatory region, a known super-enhancer, 
to the  MYC  oncogene in Burkitt lymphomas (BL), with a variety of others having 
been well-characterized [ 2 ,  4 ]. 

 Oncogene overexpression in tumours also can be achieved via gene amplifi ca-
tion, the fi rst form of genomic instability in cancer cells described at the molecular 
level [ 12 ]. One mechanism for oncogene amplifi cation in cancer models involves 
generation of dicentric chromosomal translocations with breakpoint fusions in the 
vicinity of oncogenes [ 13 – 16 ]. In cancer cells defi cient in the cellular G1 DSB 
checkpoint (e.g., TP53 or ataxia telangiectasia mutated (ATM) protein defi cient), 
breakage-fusion-bridge cycles [ 17 ] (BFB) of such dicentrics can rapidly lead to 
oncogene amplifi cation [ 18 ]. Although such BFB mechanisms of oncogene ampli-
fi cation are likely most common during solid tumour progression [ 15 ,  19 ,  20 ], they 
have also been observed in human B cell malignancies [ 21 ], including multiple 
myeloma [ 22 ]. In ATM-defi cient mouse T cell lymphoma models, dicentric chro-
mosomes that result from aberrant V(D)J recombination events at T cell receptor 
(TCR) δ loci ( TRD ) lead to BFB-generated amplifi cation of linked sequences and to 
new BFB-generated DSBs that participate in translocations that may delete tumour 
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suppressor genes [ 23 ] (see below). Inter- and intra-chromosomal translocations/
deletions have been implicated in deletions of tumour suppressors that contribute to 
various cancers [ 24 – 27 ].  

3.2     Mechanistic Factors Infl uence Generation of Recurrent 
Chromosomal Translocations 

 Beyond cellular selection for oncogenic translocations, general mechanistic factors 
of translocations can affect the propensity of two genomic sequences to translocate 
to each other recurrently, and can even impact oncogene choice in different malig-
nancies [ 28 ,  29 ]. Many recent studies of mechanistic factors involved in promoting 
translocations have been done in lymphoid cells, which will be a main focus of this 
review. 

 As translocations often involve the fusion of ends from two separate DSBs, the 
frequency of DSBs at the two participating sites to be joined will directly infl uence 
the rate of a particular translocation. In this context, such DSB frequency will refl ect 
both the frequency at which the participating DSBs are generated by various mecha-
nisms and also how long they persist before being properly repaired [ 5 ] (see below). 
In the latter context, DSB persistence refl ects the effi ciency at which DSBs are 
repaired. Mammalian cells possess multiple DSB sensing mechanisms that are 
linked to DSB repair pathways that effi ciently repair DSBs, often by end-joining 
them back together [ 30 – 32 ]. DSB sensing pathways, in addition to participating in 
repair, also activate checkpoints that either delay cell cycle progression of cells with 
unrepaired DSBs until they are joined or eliminate cells with persistent unjoined 
DSBs [ 30 ,  33 ] (see below). The two major pathways for DSB repair are homolo-
gous recombination (HR) [ 34 ], which is primarily involved in repair of post- 
replicative DSBs, and classical non-homologous DNA end-joining (C-NHEJ) 
which is functional throughout the cell cycle but is predominant in G1 when HR is 
not active [ 35 ] (discussed below). We will focus mainly on C-NHEJ due to the 
exclusive involvement of this repair pathway in joining programmed DSBs in lym-
phocytes and in suppressing their translocation [ 35 ]. 

 For two separate DSBs to be joined to form translocations, they must also be 
juxtaposed (“synapsed”) at the time they are broken [ 5 ]. Thus, in a population of 
cells, the synapsis frequency of two regions that contain DSBs will directly infl u-
ence their translocation frequency. Certain sequences are more frequently synapsed 
than others in the genome due to general principles of chromatin folding, as well as 
being involved in common processes, such as transcription [ 36 ,  37 ]. Beyond this, 
translocation of DSBs that are much less frequently synapsed in cells within a popu-
lation can still occur, due to cellular heterogeneity with respect to three-dimensional 
(3D) spatial genome organization [ 38 ]. At a local level, synapsis of breaks that are 
in relatively close proximity also may occur through Brownian or Langevin motion 
[ 38 – 40 ]. Finally, active movement of DSB ends has been reported in yeast [ 41 ,  42 ] 
and in mammalian cells [ 43 ,  44 ], and may also contribute to synapsis. 
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 In the past, inability to identify newly occurring translocations in normal cells, 
without the biases imposed by cellular or oncogenic selection, has limited analyses 
of mechanistic factors involved in the generation of translocations. Such limitations 
have been overcome by the recent development of high-throughput genome-wide 
translocation cloning techniques [ 45 ,  46 ]. In this regard, the use of rare-cutting, 
 site- specifi c restriction endonucleases, such as the yeast I- Sce I meganuclease or 
homothallic (HO) endonuclease, have provided critical tools for studying transloca-
tions by providing a method to generate initiating DSBs at one or more desired 
genomic locations [ 47 ]. The fi nding that I- Sce I generated DSBs at introduced target 
sites in the  IgH  locus in B lymphocytes could substitute for endogenous mecha-
nisms that generate  IgH  class switch recombination (CSR) provided the foundation 
for the development of genome-wide methods for studying translocation mecha-
nisms [ 48 ]. These high-throughput methods, referred to generically here as “trans-
location cloning” methods, have been used to identify endogenous DSBs 
genome-wide based on their translocation to fi xed I- Sce I induced “bait” break-sites 
in activated B lymphocytes or G1-arrested progenitor B cells lines as well as in non-
lymphoid cells [ 38 ,  39 ,  45 ,  46 ,  49 ]. 

 Advances in custom nuclease tools that target endogenous genomic sequences, 
including zinc fi nger nucleases (ZFNs) [ 50 ], transcription activator-like effector 
nucleases (TALENs) [ 51 ], and Cas9:gRNAs [ 52 ], have provided additional ectopic 
DSB-generating approaches to study generation of translocations from DSBs at 
specifi c sites in mammalian genomes without introducing a target DSB sequence 
[ 39 ,  53 ,  54 ]. Recently, Cas9:gRNAs and TALENs have been used to very success-
fully generate bait DSBs for translocation cloning at desired endogenous sites in 
human cells [ 55 ], allowing tests of basic principles of translocations, modelling of 
recurrent oncogenic translocations, and potentially the development of improved 
cancer diagnostics. This approach has also provided potential benefi ts to genome- 
engineering and gene therapy fi elds by providing a very robust method to identify 
genome-wide off-target and wide-spread, low-level DSB activity of custom nucle-
ases and to also detect collateral damage of such agents including recurrent translo-
cations and/or deletions [ 55 ]. 

 Below, we will further discuss the mechanistic factors outlined above and how 
they can contribute to recurrent translocations or recurrent classes of translocations 
based on insights obtained from the recently developed translocation cloning assays. 
We will focus this discussion largely on mechanisms revealed from studies of lym-
phoid cells and tumour models, but also indicate the more general relevance of the 
fi ndings of these studies.  

3.3     General Cellular DSBs Provide Translocation Substrates 

 Human dividing cells may undergo as many as 50 DSBs per cell cycle [ 56 ]. General 
DSBs can occur spontaneously or be induced by various endogenous or exogenous 
damaging factors. Some byproducts generated during cell metabolism, including 
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reactive oxygen species and endogenous alkylating agents can lead to DSBs [ 57 ]. 
DNA replication is another source of endogenous DSBs [ 58 ]. When encountering 
DNA lesions or other replication barriers, DNA replication forks stall, accumulate 
single-stranded DNA (ssDNA) and fi nally collapse, resulting in DSBs [ 59 – 61 ]. 
Fragile sites, a common replication barrier, provide break-sites for many gross 
chromosomal rearrangements found in early-stage tumours or precancerous cells 
[ 58 ]. Fragile sites appear to contribute to breakpoints of recurrent translocations in 
acute lymphoblastic, myeloid leukaemias, or BL (See Chap.   5     by Jiang et al., 
“Common Chromosomal Fragile Sites and Cancer”) [ 62 – 64 ]. Recent studies have 
also identifi ed another class of “early replicating fragile sites” in B lymphocytes 
that were enriched in areas of repetitive sequences and/or CpG nucleotides, some 
of which map near translocation breakpoints in B cell lymphomas [ 65 ]. 
Transcription also has been implicated in DSB generation [ 36 ,  45 ,  46 ,  66 ]. 
Transcription- associated DSBs may result from head-on collisions between DNA 
and RNA polymerases [ 67 ,  68 ], topological constraints arising from transcription 
induction [ 69 ], or formation of unstable DNA structures, such as R-loop and 
G-quadruplexes [ 70 – 72 ]. Transcription has also been implicated in the generation 
of DSBs that participate in translocations in activated B lymphocytes [ 45 ,  46 ] (see 
below). 

 In addition to endogenous factors, DSBs also can be generated by exposure to 
external agents, such as ionizing radiation (IR) and various types of chemothera-
peutics [ 73 ,  74 ]. 1 Gray (Gy) of γ-irradiation generates about 20 DSBs in mam-
malian cells [ 75 ]. Translocation cloning studies from IR-treated cells confi rmed 
that IR-derived non-specifi c DSBs can generate translocation substrates genome-
wide [ 38 ]. Topoisomerase II inhibitors, commonly used for anticancer treatment, 
prevent topoisomerase II from releasing topological constraints during DNA repli-
cation or transcription, thus promoting DSBs, implicated, for example, in the emer-
gence of therapy-related myeloid neoplasms with recurrent oncogenic translocations 
[ 76 ,  77 ].  

3.4     Programmed DNA DSBs/Rearrangements 
in Lymphocytes 

 DSBs are necessary intermediates of the programmed rearrangements that take 
place during the V(D)J recombination process that assembles diverse sets of antigen 
receptor gene segments in developing B and T lymphocytes and the CSR process 
that changes the expressed IGH constant region (C H ) exons in activated mature B 
lymphocytes [ 5 ]. These programmed DSB-based gene rearrangement processes, 
which might be considered programmed intra-chromosomal translocations, involve 
the coordinated introduction of two separate DSBs at targeted  IGH  locus sites fol-
lowed by their joining [ 35 ,  78 ]. Although the joining of these DSBs is generally 
regulated to ensure “proper” joining within  IGH , they also can be aberrantly joined 
to other genomic DSBs to generate oncogenic translocations [ 5 ,  79 ]. 

3 Mechanisms of Recurrent Chromosomal Translocations

http://dx.doi.org/10.1007/978-3-319-19983-2_5


32

 The B cell receptor (BCR) is composed of two pairs of identical IGH and IG 
light chains (IGL/IGK). The secreted forms of BCRs are known as antibodies. 
Similarly, TCRs are heterodimers of either αβ or γδ chains [ 80 ,  81 ]. The exons that 
encode the N-terminal antigen-binding variable region exons of IGH chains are 
somatically assembled in progenitor B lymphocytes from 100s of different variable 
(V), 13 diversity (D), and 4 joining (J) genes that lie within distinct segments of the 
several megabase (Mb) long variable region portion of the  IgH  locus [ 5 ] (Fig.  3.1 ). 
Organization of  IgL ,  IgK  and  TcR  loci is similar and the general aspects of cleavage 
and joining of  IgH  V, D, and J segments outlined below also applies to these loci. 
The lymphocyte-specifi c endonuclease, RAG endonuclease, comprised of the 
recombination activating gene 1 and 2 proteins (RAG1/RAG2) [ 82 ] initiates V(D)J 
recombination by introducing DSBs between appropriate pairs of V, D, or J coding 
segments and short conserved recombination signal sequences (RSSs) that fl ank 
them; notably, RAG does not cleave, at least effi ciently, at isolated RSSs [ 83 ]. RAG 
cleavage generates a pair of hairpin-sealed coding ends and a pair of blunt, broken 
RSS ends [ 81 ,  84 ].

   The D and J segments lie proximal to each other in  IgH  and are cut and joined fi rst 
in development. Subsequent, synapsis of V H  segments with the DJ H  complex is 
thought to be facilitated by physical contraction of the  IgH  locus [ 85 ,  86 ], which 
enhances synapsis by bringing the 100s of V H  segments scattered over Mb linear 
distances into close enough proximity to sample the DJ H  complex by a form of dif-
fusion referred to as Langevin motion [ 40 ]. The RAG complex also binds DJ H  
regions, facilitated by particular histone modifi cations associated with transcription 
[ 87 – 90 ] before V H  synapsis allowing formation of “recombination centres” that sta-
bilize synapsed V H  to DJ H  complexes once formed and which generate paired RSS 
cleavage [ 90 ]. Formation of D H  to J H  joins likely occurs similarly, but due to the close 
proximity of the D H  and J H  segments, may not require physical locus contraction. 
Following cleavage, RAG, with the aid of other repair factors (see below), holds cod-
ing and RSS ends in a post-cleavage synaptic complex [ 84 ], and channels their repair 
exclusively to the C-NHEJ pathway [ 5 ,  91 ], C-NHEJ directly fuses the blunt RSS 
ends and, along with other factors, further processes coding ends before joining them, 
thereby contributing to V(D)J exon coding diversity [ 5 ]. The RAG post- cleavage 
complex, and perhaps other factors, also contributes to directing the joining of cod-
ing ends to each other and RSS ends to each other, thereby prescribing a specifi c 
chromosomal orientation of V(D)J recombination which results in deletions or inver-
sions depending on the orientation of the participating V, D, and J segments [ 5 ,  92 ]. 

 The portion of the  IgH  locus downstream of the V, D, and J segments contains 
multiple sets of exons encoding for different C H s within an approximately 200 kb 
region [ 93 ,  94 ]. The Cμ exons, which lie closest to the V(D)J, are transcribed to 
yield a V(D)J Cμ transcript that encodes μ heavy chains, which activates assembly 
of IgL/IgK variable region exons and ultimately associate with IgL/IgK chains to 
form an IgM BCR resulting in “mature” B lymphocytes [ 95 ]. Antigen-dependent 
activation can induce mature B cells to undergo CSR to exchange Cμ exon for one 
of the sets of C H  exons that lie downstream (Fig.  3.1 ). CSR involves introduction of 
DSBs into a donor switch (S) region just upstream of Cμ and into an acceptor S 
region upstream of a targeted set of downstream C H  exons. Subsequently, the 
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upstream end of the DSB in Sμ is joined to the downstream end of the DSB in the 
target S region to delete Cμ and other intervening sequence and juxtapose the new 
set of C H  exons to the V(D)J exon [ 94 ]. Exchanging the C H  exon, changes the effec-
tor functions of the expressed antibody. Unlike V(D)J recombination, which is com-
pletely dependent on C-NHEJ, joining of DSBs within S regions to complete CSR 
can occur, at somewhat reduced levels, in the absence of C-NHEJ via alternative 
end-joining (A-EJ) pathways [ 35 ] (see below). 

  Fig. 3.1    Programmed DSBs and genomic rearrangements in developing and mature B cells. ( Top ) 
Diagram of the murine  IgH  locus on chromosome 12 (not to scale). The  IgH  locus contains of 
hundreds of V, 13 D, and 4 J gene segments arranged in clusters as indicated. ( Left ) In pro-B cells, 
RAG cleaves synapsed V, D, and J gene segments at appropriately paired RSSs ( grey triangles ) 
which are then joined by C-NHEJ factors to generate V(D)J exons (see text for details). In the  IgH  
locus, DJ H  joining occurs fi rst followed by V H  gene segment joining to the DJ H  segment. See text 
for more details. ( Right ) In response to antigen, mature B cells can undergo CSR to exchange their 
initially expressed  IgH  C H  exons from Cμ to one of a set of downstream (from 100 to 200 kb) exons 
encoding Cγ3, Cγ1, Cγ2b, Cγ2a, Cε, or Cα. Each set of C H  exons is preceded by a long (1–10 kb) 
repetitive Switch (S) sequence ( ovals ). Transcription through the donor Sμ and a target down-
stream S region promotes AID-initiated DSBs ( arrow heads ) which are then joined between donor 
and acceptor S regions to delete the intervening sequences and replace Cμ with the targeted down-
stream C H  (See text for more details). AID can also introduce somatic mutations into the assembled 
V(D)J to allow affi nity maturation of the BCR (See text for more details)       
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 CSR is initiated by the activation-induced cytidine deaminase (AID) encoded by 
the AICDA gene [ 96 ], which acts on ssDNA to deaminate cytidine residues within 
short (4 bp) target motifs of which the sequence AGCT is a canonical representative 
[ 97 ,  98 ]. S regions are very long (1–10 kb) and very rich in AID target motifs [ 99 ]. 
AID cytidine deamination also initiates an antigen dependent variable region diver-
sifi cation process termed somatic hypermutation (SHM) [ 100 ]. During CSR and 
SHM, AID-initiated C to U lesions are processed into DSBs and point mutations, 
respectively, via related processes that require activities of the normal base excision 
and mismatch repair pathways [ 97 ,  101 ]. Various mechanisms have been proposed 
to promote DSB versus mutational processing of AID, although these two outcomes 
are not totally separable [ 93 ,  100 – 102 ]. Cytidine deamination of target sequences 
by AID requires their transcription to both recruit AID and provide ssDNA sub-
strates [ 5 ]. Following transcription of the GC-rich S regions, AID access to the non-
template strand is promoted by the formation of stable R-loops [ 71 ,  72 ]. Additional 
details of mechanisms of AID targeting to  IgH  S regions and variable regions exons 
also have been elucidated [ 5 ,  103 – 105 ]. 

 Currently, S region synapsis has been proposed to potentially involve diffusion 
(Langevin motion) due to their relatively proximal location within a 200 kb domain, 
with high levels of AID-initiated DSBs helping to ensure breakage of S regions 
while synapsed [ 39 ] (see below). Aspects of  IgH  locus organization, and potentially 
the 53BP1 (TP53BP1) DSB response factor (see below), may also help to facilitate/
stabilize S region synapsis [ 103 ,  106 ]. Unlike RAG-initiated DSBs, S region DSBs 
can occur in unsynapsed S regions; however, these DSBs are usually joined inter-
nally in S regions to generate intra-S region deletions as opposed to translocation 
[ 93 ]. As AID, thus far, has no known downstream roles in S region synapsis, and 
indeed, substantial CSR can be generated by I- Sce I-initiated DSBs at target sites 
replacing S regions [ 39 ,  48 ], CSR may be analogous to a targeted form of an intra- 
chromosomal translocation [ 48 ]. CSR must occur in a deletional, versus inversional, 
orientation to generate productive CSR; however, while RAG cleavage and genera-
tion of a post-cleavage complex may contribute to orientation-specifi c joining dur-
ing V(D)J recombination, little has been reported about if and how orientation-specifi c 
joining occurs during CSR [ 5 ]. If joining is orientation specifi c during CSR, it must 
employ specialized mechanisms since, in translocation cloning assays, bait DSBs 
generally join equally to both ends of other DSBs across the genome in activated B 
lymphocytes [ 45 ].  

3.5     Involvement of RAG- and AID-Initiated DSBs 
in Translocations 

 The potential of RAG-initiated DSBs to contribute to translocations is counteracted 
at several levels. RAG cleavage is restricted by the “12/23 rule” to paired RSSs with 
appropriate complementarity, which limits generation of “off-target” RAG-cleavage 
at “cryptic” RSSs across the genome [ 84 ]. RAG expression also is limited to 
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G1-phase lymphoid cells [ 87 ], which contributes to restricting repair to C-NHEJ 
and also provides the G1 checkpoint to prevent replicative propagation of RAG 
initiated DSBs, for example via dicentric formation [ 13 ,  16 ,  49 ]. Moreover, forma-
tion of the RAG post-cleavage synaptic complex limits direct joining of coding and 
RSS ends and limits availability to translocate to other DSBs. Finally, the ATM 
DSB response complex [ 107 ] cooperates with RAG2 [ 108 ,  109 ] to stabilize of 
RAG-initiated post cleavage DSB complexes and to prevent their separation and 
translocation (see below). In the latter context, translocation cloning from 
G1-arrested ATM-defi cient pro-B cell lines that induce RAG, clearly showed I- Sce I 
or RAG-induced bait DSBs can translocate to other DSBs genome-wide, but endog-
enous hotspots were all provided by RAG-initiated DSBs at various  Ig  and  TcR  loci 
(due to the high frequency of target DSBs in these loci) and, in IR-treated cells, to 
DSBs genome-wide with highly preferential joining to DSBs  in cis  on the same 
chromosome due to 3D proximity infl uences [ 38 ] (Fig.  3.2 ). In this context, onco-
genic translocations between V(D)J recombination-associated DSBs and other 
DSBs have been demonstrated to occur in the context of TP53/C-NHEJ defi cient 
mouse pro-B cell lymphoma models [ 13 ,  16 ].

   Translocations involving RAG-initiated DSBs at  TCR  loci, with translocations 
from  TRD  segments being most prominent, and DSBs near various oncogenes, 
including  TAL1  and  TAL2 ,  LMO1  and  LMO2 , and  MYC , are common in human 
T-cell acute lymphoblastic leukaemia (T-ALL) [ 27 ]. Among human B cell tumours, 
translocations involving  IG  variable region gene segments are rare in B-ALL, 
accounting for only about 3 % of cases [ 110 ], but are found in mature B cell neo-
plasms, such as the recurrent  IGH / MYC  translocation in endemic BL [ 79 ] or 
 IGH / BCL2  translocation in follicular lymphomas [ 2 ]. Mouse model studies suggest 
some such translocations may persist through development [ 111 ] (see below) or 
result from RAG activity during secondary recombination events in peripheral B 
cells referred to as receptor editing [ 29 ,  112 ]. RAG can also contribute to oncogenic 
translocations by generating DSBs at RSS-like sequences across the genome, 
termed cryptic RSSs (cRSSs); the frequency of cRSSs in the human genome has 
been estimated at about 1 per 500 bp [ 113 ,  114 ]. A recent survey of a large series of 
translocation junctions between  TCR  loci and various oncogenes in human T-ALL 
revealed that about 25 % of such rearrangements involved cRSSs at the TCR trans-
location partner loci [ 27 ]. In addition, some interstitial deletions that contribute to 
human T-ALL oncogenesis appear to involve RAG-initiated DSBs at cRSSs in both 
TCR and/or non-TCR partners [ 27 ,  115 ]. Finally, recent studies in ATM-defi cient 
mouse B cell lymphomas also suggested that oncogenic translocations originated 
from RAG cutting at  IgH  loci and putative cRSSs downstream of  Myc  [ 111 ]. 

 AID-generated DSBs in  IGH  S regions during CSR have been implicated in the 
generation of recurrent oncogenic translocations in human mature B cell lympho-
mas involving  IGH  and AID off-targets, including the  IGH / BCL6  translocation in 
diffuse large B-cell lymphoma [ 116 ] and  IGH / MYC  translocations in sporadic BL 
[ 79 ]. AID-initiated DSBs in V(D)J exons during SHM also have been implicated in 
certain oncogenic translocations in human B cell lymphomas [ 117 ]. Translocation 
cloning studies in activated mouse B cells clearly demonstrated that, beyond the 
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  Fig. 3.2    Circos plots of G1-arrested pro-B translocation cloning libraries. ( a ) custom circos plots 
(See ref. [ 55 ]) of genome-wide translocation cloning libraries from two different G1-arrested pro-B 
cell lines with singly integrated I- Sce I substrate bait DSB sequence on either chromosome 18 ( left ) 
or chromosome 2 ( right ). Both RAG and I- Sce I were induced to generate endogenous DSBs in the 
G1-arrested cells prior to genome-wide library generation from the I- Sce I bait DSB. Black bars 
indicate I- Sce I translocation junction frequency to genome-wide DSBs over 5 Mb bins on a custom 
log scale plot. Inner  red lines  link the bait DSB site to recurrently joined antigen receptor loci (e.g., 
show translocation hotspots). In these cells, all translocation hotspots from either chromosome 18 or 
chromosome 2 baits were RAG-initiated DSBs at the various endogenous antigen receptor loci. No 
other translocation junction regions qualifi ed as hotspots. ( b ) IR treatment of the same pro-B lines 
to introduce frequent DSBs genome-wide (e.g., normalize DSB frequency genome-wide) decreased 
enrichment of antigen receptor locus translocation junctions and led the endogenous  cis  chromo-
some containing the bait sequence to become a translocation hotspot region (due to increased infl u-
ence of 3D proximity when DSBs are not limiting) In these plots, all libraries are size-normalized to 
allow direct comparison (See ref. [ 55 ]). Chromosomes are displayed centromere to telomere in a 
clock-wise orientation (Data are adapted from [ 38 ]. See text, ref. [ 5 ,  38 ] for further details)       
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 IgH  locus S region targets, AID activity also promotes lower level DSBs at dozens 
of other genes across the genome, referred to as AID off-targets [ 45 ,  46 ]. These 
studies also demonstrated that both  IgH  and off-target DSBs translocated robustly 
to bait I- Sce I-generated DSBs in the  Myc  locus [ 45 ,  46 ,  49 ,  118 ]. 

  IGH  S regions and IG V(D)J exons likely have evolved mechanisms to recruit 
AID activity during CSR and SHM, such as high density AID target motifs and 
transcription dependent ability to generated secondary structures such as R loops 
for S regions [ 93 ,  119 ]. However, how AID is directed to off-target sites in activated 
B cells is still under investigation. In this context, AID is also directed to a series of 
off-target sites in germinal centre B cells that may contribute to SHMs and occa-
sional DSBs that contribute to germinal centre B cell lymphomas [ 10 ,  120 ,  121 ]. 
Translocation cloning studies in CSR-activated B cells demonstrated high correla-
tions between AID-dependent translocation hotspots and active transcription start 
sites, with translocations often clustering just downstream of active TSSs [ 45 ,  46 ]. 
However, as the vast majority of transcribed genes in activated B cells are not AID 
off-targets, additional factors beyond transcription per se must be involved in such 
AID “off-targeting” [ 5 ]. Recent studies have demonstrated that such factors include 
“super-enhancers” and convergent transcription [ 122 ].  

3.6     Role of DNA End-Joining in DSB Repair 
and Translocations 

 The C-NHEJ machinery comprises four evolutionarily conserved “core” factors, 
Ku70 (XRCC6), Ku80 (XRCC5), XRCC4 and DNA ligase 4 (LIG4), which are 
essential for joining all types of DSBs via C-NHEJ [ 35 ]. Two additional C-NHEJ 
factors include DNA-dependent protein kinase catalytic subunit (PRKDC/DNA- 
PKcs) and the Artemis endonuclease (DCLRE1C), which together are important for 
joining DSBs in need of further processing, such as opening hairpin V(D)J coding 
ends [ 123 ]. The XRCC6/XRCC5 (Ku) heterodimer provides the C-NHEJ DSB rec-
ognition component, which binds DSBs to protect them from resection [ 124 ] and 
recruits downstream factors including PRKDC (to form the DNA-PK holoenzyme). 
Ku also recruits XRCC4 and LIG4, which form the ligase complex for C-NHEJ 
[ 35 ]. All of these factors are required for generation of V(D)J recombination coding 
joins; with the core factors being absolutely required for both coding and RSS joins 
[ 35 ,  125 ]. The XLF (NHEJ1) (“XRCC4 like factor”) also has been implicated in 
C-NHEJ based on the IR sensitivity and apparent DSB repair defects in human 
patients with  NHEJ1  mutations [ 126 ,  127 ]. XLF, which interacts with the XRCC4-
LIG4 complex [ 128 – 130 ], has been suggested to play a role in ligation of DSBs 
with incompatible or blunt ends [ 131 ] (see below). Defi ciency of any core C-NHEJ 
factors dramatically increases genome instability, including translocations, in vari-
ous cell types; whereas defi ciency for the other C-NHEJ factors increases genomic 
instability but usually not as dramatically [ 35 ,  125 ]. In mice, defi ciency for core 
C-NHEJ factors and DCLRE1C and PRKDC leads to severe combined 

3 Mechanisms of Recurrent Chromosomal Translocations



38

immunodefi ciency (“SCID”) due to inability join V(D)J recombination-associated 
breaks required for assembly of antigen receptor genes [ 5 ]. LIG4 hypomorphic 
mutations and XLF defi ciencies also lead to variable immunodefi ciency due to 
V(D)J recombination defects in human patients [ 132 ,  133 ]. 

 Mice defi cient for XRCC4 and LIG4 die in late embryonic development in asso-
ciation with severe apoptosis of newly developed neurons, along with abrogated 
V(D)J recombination [ 134 ,  135 ]. Less severe neuronal apoptosis occurs in 
Ku-defi cient mice [ 136 ]. When XRCC4 or LIG4-defi ciency are combined with 
TP53-defi ciency, which removes the TP53-dependent G1 DSB checkpoint, neuro-
nal apoptosis and embryonic lethality (but not V(D)J recombination) are rescued 
[ 137 ,  138 ]. Notably, TP53-defi cient mice that are also defi cient for any core C-NHEJ 
factor or for PRKDC or DCLRE1C die from progenitor B cell lymphomas that gen-
erate RAG-dependent dicentric translocations between the  IgH  locus and the  Myc  
(or  N-myc ) loci leading to amplifi cation of these oncogenes [ 9 ,  139 ]. The generation 
of such dicentric translocations and BFB cycles results from propagation of the 
RAG-generated  IgH  locus breaks through the cell cycle in the absence of the G1 
DSB checkpoint enforced by TP53 [ 16 ]. Where examined, such C-NHEJ and TP53 
double-defi cient mice also develop medulloblastomas in situ and, indeed, condi-
tional inactivation of XRCC4 in developing neurons of TP53 defi cient mice leads to 
inevitable medulloblastomas with highly recurrent translocations and gene amplifi -
cations which include  N-myc  or  Myc  amplifi cations [ 140 ,  141 ]. Why C-NHEJ is 
required for neural development and protection from medulloblastomas with recur-
rent translocations is not yet known. Notably, XLF plus TP53 double defi cient mice 
do not generally succumb to B lineage lymphomas, refl ecting lack of absolute 
requirement for XLF in V(D)J recombination in an otherwise normal background 
(see below); but they do develop medulloblastomas, refl ecting the requirement for 
XLF in general DSB repair by C-NHEJ [ 142 ]. 

 The frequency of translocations that form in various types of core C-NHEJ defi -
cient cells [ 141 ,  143 – 145 ] and the recurrent translocations that occur in core 
C-NHEJ-defi cient tumours revealed that chromosomal translocations can be cata-
lyzed by A-EJ pathways [ 16 ,  35 ]. In this regard, C-NHEJ-defi cient mammalian 
cells join DSBs in plasmid-based assays by A-EJ pathway [ 146 ,  147 ]. Likewise, 
while V(D)J recombination absolutely requires C-NHEJ, CSR can occur at up to 
50 % normal levels in the absence of core C-NHEJ factors [ 148 ,  149 ], or even the 
absence of both Ku70 plus LIG4—which eliminates both DSB recognition and 
joining components of C-NHEJ [ 148 ]. The latter studies defi nitively prove the exis-
tence of relatively robust A-EJ pathways in mammalian cells that are completely 
distinct from C-NHEJ. A number of known DNA repair factors have been impli-
cated in A-EJ pathways (reviewed by [ 35 ]). 

 CSR junctions in the different types of C-NHEJ defi cient cells were essentially 
totally (e.g., XRCC4 or LiG4-defi ciency), or substantially (e.g., Ku-defi ciency), 
mediated by short micro-homologies (MHs) [ 148 ,  149 ]. Similarly, oncogenic 
 translocation junctions found in nine independent XRCC4- or LIG4- plus TP53-
defi cient pro-B lymphomas were MH-mediated [ 16 ]. In this regard, short MHs are 
found in many translocations genome-wide in activated mouse B cells [ 45 ], human 
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cancer genomes [ 150 ], and tumour translocation junctions [ 151 ]. However, A-EJ 
can also generate substantial levels of blunt junctions in various contexts, perhaps 
dependent on the DSB ends presented for joining [ 152 ,  153 ]. Moreover, C-NHEJ 
frequently uses short MHs [ 154 ,  155 ]. Therefore, A-EJ, which could represent sev-
eral different pathways [ 35 ], cannot be categorized unequivocally as MH-mediated. 
It should also be noted that, while A-EJ may, indeed, be a translocation prone path-
way [ 156 ], its predominant contributions to translocations in the absence of C-NHEJ 
also may be contributed to increased levels of unrepaired substrate DSB ends for 
translocations [ 32 ]. Finally, C-NHEJ may contribute to translocations in C-NHEJ 
profi cient cells (e.g., [ 157 ]); although the relative contribution of A-EJ remains to 
be determined.  

3.7     The ATM DNA Damage Response Pathway and Its 
Multiple Roles in Suppressing Translocations 

 Ataxia telangiectasia (AT), a syndrome characterized by neurodegeneration, immu-
nodefi ciency, sensitivity to ionizing irradiation, and cancer susceptibility is associ-
ated with mutations in the  ATM  gene [ 158 ]. In response to DSBs, ATM, a serine/
threonine kinase, activates a downstream DNA damage response (DDR) pathway 
that includes series of chromatin bound factors that regulate cell cycle progression 
at the G1 checkpoint and contribute directly to DSB repair by C-NHEJ [ 5 ,  31 ]. A 
key ATM substrate is the TP53 tumour suppressor, a transcription factor that directly 
activates the G1/S cell cycle checkpoint to arrest cells for DSB repair or that triggers 
apoptosis to eliminate cells with persistent DSBs [ 159 ]. ATM DDR substrates 
include the H2AX (H2AFX) histone variant, MDC1, and 53BP1, which assemble 
into large macromolecular complexes, called “foci”, that can spread in chromatin 
over several hundred kb or more on either side of DSBs [ 160 ,  161 ]. The DDR also 
employs additional downstream factors that facilitate repair pathway choice and 
provide additional chromatin modifi cations that promote DSB repair (reviewed by 
[ 34 ,  162 – 165 ]). 

 The ATM DDR has been implicated in contributing directly to C-NHEJ of DSBs, 
potentially by tethering DSB ends and, thereby, contributing to appropriate re- 
joining by C-NHEJ [ 166 ,  167 ]. In this regard, ATM defi ciency has long been known 
to lead to genomic instability and recurrent translocations, particularly in lymphoid 
cells and tumours [ 168 ,  169 ]. Such translocations are likely facilitated by the dual 
effects of ATM defi ciency on C-NHEJ (e.g. during V(D)J recombination) and 
 abrogation of G1 DSB checkpoint [ 78 ], analogous to combined C-NHEJ and TP53 
defi ciency. Recent translocation cloning studies have confi rmed the increased levels 
of genome-wide translocations from DSBs in the  Myc  gene in ATM-defi cient acti-
vated mouse B cells relative to wild-type B cells [ 49 ] (Fig.  3.3 ).

   Like ATM defi ciency, H2AX defi ciency in various cell types leads to marked 
increases in genomic instability, increased chromosomal translocations [ 170 ,  171 ] 
and, in the absence of TP53, progenitor and mature B cell lymphomas with complex 
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 Myc  translocations (involving  IgH ) and amplifi cations [ 172 – 174 ]. ATM or H2AX 
defi ciency also moderately impairs CSR (decreasing levels to about 50 % or less of 
normal [ 5 ,  160 ]) accompanied by accumulation of substantial levels of AID- 
dependent  IgH  locus chromosome breaks and translocations [ 171 ,  174 ]. Notably, 
however, 53BP1 defi ciency, while not dramatically increasing genomic instability 
in most tested cell types other than CSR-activated B cells, nearly abrogates CSR 
[ 175 ,  176 ]. Yet, 53BP1 defi ciency leads to similar level of AID-dependent  IgH  
breaks and translocations as observed in the context of ATM- or H2AX defi ciency, 
which together with other fi ndings suggest a specialized role for 53BP1 in CSR that 
may involve S region synapsis, end-protection, or other yet to be identifi ed func-
tions [ 103 ,  125 ]. 

 Defi ciency for ATM also has moderate effects on V(D)J recombination that have 
been attributed to destabilization of the post-cleavage synaptic complex, allowing 
some RSS or coding ends to escape and participate in translocations [ 78 ]. 
Correspondingly, high-throughput translocation libraries from ATM-defi cient pro-B 
cell lines revealed the major translocation hotspots from various bait DSBs in dif-
ferent chromosomal locations to be the various  Ig  and  TcR  loci which are RAG- 
targets in these cells [ 38 ] (Fig.  3.2 ). Despite the impact on CSR, C-NHEJ and 

  Fig. 3.3    Circos plots of stimulated primary B cell high throughput genome-wide translocation 
sequencing libraries. Translocation libraries generated with a bait I- Sce I break-site in intron 1 of 
 Myc  gene on chromosome 15 from CSR-activated primary B cells that either do not express AID 
( left  panel) or do express AID ( right  panel).  Blue  and  red lines  link the  Myc  I- Sce I bait DSBs to 
cryptic I- Sce I-generated translocation hotspots genome-wide and  red lines  link bait DSBs to AID-
dependent hotspots genome-wide. Chromosomes are displayed centromere-to- telomere in a clock-
wise orientation (Data are adapted from [ 49 ]. See text and ref. [ 49 ] or further details)       
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genomic stability in activated B cells, defi ciencies for downstream ATM substrates 
H2AX and 53BP1 have little or no obvious effect on V(D)J recombination [ 170 , 
 176 ,  177 ]. The relatively modest impact of defi ciencies of ATM DDR factors on 
V(D)J recombination results from functional redundancy between these factors 
with the small XLF factor [ 178 ]. In this regard, despite the C-NHEJ role implied by 
the phenotype of XLF-defi cient human patients and their cells, XLF defi ciency in 
mice does not markedly impact V(D)J recombination in developing lymphocytes, 
despite leading to more general genomic instability and IR sensitivity [ 142 ]. 
However, combined defi ciency for XLF and ATM, H2AX or 53BP1 leads to an 
essentially complete block in V(D)J recombination, along with more general DSB 
repair and CSR defects that indicate a nearly complete loss of C-NHEJ [ 178 – 180 ] 
(reviewed by [ 125 ]). Thus, in the absence of XLF, ATM and downstream DDR fac-
tors are required for C-NHEJ and vice versa, raising the possibility that variations in 
the expression of XLF in different tissues or individuals could contribute to differ-
ential manifestations of ATM defi ciency. The nature of this functional redundancy 
is still being studied [ 125 ]. 

 In humans, germline or somatic mutations in  ATM  have been associated with 
development of both B and T cell lymphomas [ 181 ,  182 ]. However, ATM defi ciency 
in mice predisposes only to thymic lymphomas, but not B cell lymphomas [ 168 ]. 
ATM-defi cient T cell lymphomas nearly universally have complex translocations 
involving the  Trd  ( Tcrd ) locus on chromosome 14 [ 23 ]. Notably,  TRD  translocations 
are the most common oncogenic translocation in human T-ALLs [ 27 ]. In mouse T 
cell lymphomas, the translocations involve formation of dicentric chromosomes 
downstream of RAG-induced  Trd  DSBs and subsequent amplifi cation of chromo-
some 14 sequences along with potential  Trd  translocation-mediated deletion of a 
tumour suppressor on chromosome 12 [ 23 ]. Notably, TP53-defi cient mice that har-
bour a homozygous germline mutation that leads to a C-terminal truncation in the 
RAG2 protein develop T cell lymphomas with essentially identical  Trd -based trans-
locations as observed in ATM defi cient T cell lymphomas [ 109 ]. In this case, the 
RAG2 truncation is speculated to destabilize the post-cleavage V(D)J recombina-
tion complex similar to ATM defi ciency [ 109 ]. 

 Recently, several mouse models have been generated that develop peripheral 
mature B cell lymphomas in the context of ATM-defi ciency [ 111 ]. These peripheral 
B cell lymphomas routinely harbour amplifi ed  Myc  genes that result from RAG- 
initiated dicentric translocations between the  IgH  J H  locus and sequences down-
stream of  Myc  [ 111 ] (see above). How RAG-initiated DSBs, which occur in 
progenitor B cells, could contribute to translocations and amplifi cations in mature B 
cells was an intriguing question. In this regard, prior studies suggested that RAG- 
generated breaks on chromosome 12 could be generated frequently due to the V(D)
J joining defect associated with ATM defi ciency and that the resulting telomere- 
deleted portions of chromosome 12 ( IgH  is near the telomere) could persist through 
development into mature B cells due to the G1 checkpoint defect associated with 
ATM defi ciency [ 183 ]. Translocation cloning studies further revealed that such 
RAG-initiated DSBs in progenitor B cells are developmentally propagated into 
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mature B cells in the form of dicentric chromosomes. These dicentrics then undergo 
BFB cycles in ATM-defi cient mature B cells to generate new DSBs in a large region 
of chromosome 12 downstream of the  IgH  locus that robustly translocate to DSBs 
near the  Myc  gene and undergo BFB amplifi cation of  Myc  [ 49 ]. In the latter context, 
these ATM-defi cient mouse mature B cell lymphomas share similar mechanisms of 
 Myc  amplifi cation to mouse pro-B cell lymphomas defi cient for both C-NHEJ and 
TP53 [ 13 ,  16 ].  

3.8     Three-Dimensional Genome Organization 
and Translocations 

 Our current understanding of genome organization is derived from early cytoge-
netic studies [ 184 ] and more recent chromosome conformation capture (3C)-based 
methods [ 38 ,  185 ,  186 ]. In interphase nuclei, chromosomes are non-randomly orga-
nized and each chromosome fi lls a nuclear space or territory. At the 1–10 Mb scale, 
active and inactive regions exist in separate compartments and conform to a fractal 
globule capable of dynamic local compaction across the length of the chromosome 
[ 37 ]. Smaller topologically associated domains (TADs) of approximately 1 Mb 
(“1 Mb domains”) exist within these compartments and comprise the majority of 
specifi c chromosomal contacts [ 185 ,  187 ,  188 ]. 

 Translocations require DSBs at two independent sites and also require the two 
sites to be synapsed at the time they are broken. Various studies in yeast indicate 
increased chromatin mobility of sequences containing DSBs [ 42 ,  189 ]. Likewise, 
chromosomes with eroded telomeres, equivalent to DSBs, display 53BP1-
dependent movement [ 43 ] and recent live cell tracking in mammalian systems 
which simultaneously follow interchromosomal I- Sce I DSBs from many cells 
displayed non-directional saltatory motion with increased pairing of inter- 
chromosomal DSBs over time [ 44 ]. Thus, increased movements of DSBs may 
contribute to their synapsis. In the absence of enforced movements, the frequency 
of a translocation can, in simplistic terms, be considered proportional to the fre-
quency of un-joined DSBs at site 1 times the frequency of DSBs at site 2 times 
the frequency at which these DSBs are synapsed: (DSB freq1 ) × (DSB freq2 ) × 
(Synapsis freq ) [ 5 ]. These principles apply to spatially proximal and distal sites, 
and both in the context of developmentally programmed events such as V(D)J 
recombination and CSR or through spontaneous illicit joining to genome-wide 
DSBs. 

 Translocation cloning studies have clearly demonstrated that highly frequent 
DSBs can drive recurrent translocations irrespective of their relative average posi-
tion in the genome [ 38 ,  39 ,  45 ,  46 ,  49 ,  118 ]. This phenomenon derives from the 
fi nding that spatial heterogeneity in 3D genome organization allows most genomic 
sites to be proximal in some cells in a population [ 38 ]. Thus, highly-frequent DSBs 
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can multiplicatively dominate the translocation frequency equation by greatly 
increasing the chance that two more rarely synapsed sites will be broken in cells in 
which they are synapsed [ 5 ,  38 ], allowing translocations across compartments that, 
on average, would be considered distal. In this regard, translocation cloning studies 
on G1-arrested ATM-defi cient pro-B cell lines revealed that DSBs from eight inde-
pendent I- Sce I DSB bait sites on various chromosomes translocated recurrently to 
fi ve different antigen receptor loci on different chromosomes (40 pairs of loci); 
thus, recurrent detection of dominant antigen receptor locus DSBs translocated to 
dominant I- Sce I DSBs independent of chromosomal location due to 3D genome 
heterogeneity in the cell population (Fig.  3.2a ) [ 38 ]. This explanation can also 
explain the dominance of AID hotspot DSBs in defi ning the translocation landscape 
of CSR activated B cells independent of chromosomal location (Fig.  3.3 ) [ 45 ,  46 , 
 49 ]. 

 In cases where particular DSBs are not dominant, synapsis frequency can play 
a much more dominant role in driving translocations. In experimental conditions, 
DSBs across the genome of ATM-defi cient pro-B cell lines were normalized by 
treating cells with 5Gy of IR to induce, on average, 100 DSBs per cell. In such 
cases, antigen receptor locus DSBs were no longer so dominant and factors that 
increase synapsis frequency of two sequences became more infl uential (Fig.  3.2b ) 
[ 38 ]. In accord with Hi-C mapping studies, such factors include placement in 
active versus inactive chromatin, associating with similarly-sized chromosomes, 
(more prominently) residing on the same chromosome  in cis  (demonstrated by 
SNP mapping), and (most prominently) lying within Mb domains  in cis  on a chro-
mosome [ 5 ,  38 ]. A most striking feature of the greatly increased probability of 
sequences on the same chromosome lying proximal to each other was the fi nding 
that IR treatment of G1-arrested pro-B cells led the length of the  cis -chromosome 
harbouring a bait DSB to become a major hotspot region for translocation of bait 
DSBs (Fig.  3.2b ) [ 38 ]. 

 Within a  cis -chromosome, DSBs within Mb domains of a bait DSB have the 
highest frequency of translocation to the bait DSB [ 5 ,  38 ]. This phenomenon is 
thought to be due, at least in part, to sequences within such domains having a 
greater probability of being synapsed via Brownian (Langevin) motion [ 5 ,  38 ,  39 ]. 
In this regard, I- Sce I and/or Cas9:gRNA DSBs separated by 100 kb translocated to 
each other within the  IgH  locus and within the  Myc  locus in B cells, T cells or 
fi broblasts at frequencies high enough to support substantial  IgH  CSR [ 39 ]. These 
fi ndings suggest CSR may have evolved to employ the high frequency synapsis of 
sequences in Mb domains, as opposed to or in addition to more specialized synap-
sis mechanisms, with the high frequency of AID-initiated DSBs to helping to drive 
physiological levels of CSR [ 5 ,  39 ]. Such mechanisms have also been implicated in 
synapsis of V, D, and J segments during V(D)J recombination [ 40 ] and may con-
tribute to recurrent interstitial deletions found in T-ALLs and other cancers (e.g., 
[ 27 ,  190 ]).     
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