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Timing of B cell translocations  

Pro-B and pre-B stage  

The translocations in early B cells typically have random junctional additions that 

reveal what stage of B cell development that the translocation occurred in.  The 

designation for junctional additions is N-nts, which are C/G-rich additions (often with 

runs of the same nt) by terminal deoxynucleotidyl transferase (TdT) during V(D)J 

recombination in both early B and early T cells.   In most of the lymphoid 

translocations, the N-nt feature is seen at the junctional sequences of the breaks that 

occur at the non-IGH loci, such as E2A, MALT1, and CRLF2.  Among the 72 junctional 

sequences in E2A involved translocations that we have analyzed, 66 of them contain N-

nts, and the remaining ones show no nucleotide additions.  About 60% of the inserted 

nucleotides (458 out of 773) are Cs and Gs, and 46 out of 72 (65%) junctional 

sequences contain at least three consecutive Cs or Gs.  N-nts are observed in all eight 

patients with IGH-MALT1 translocation with four of them containing consecutive Cs or 

Gs.  Eighteen out of 19 junctional sequences around CRLF2 breakpoints in CRLF2-IGH 

translocations also contain N-nts, consistent with TdT activity.   

A second junctional addition type, called T-nts, are a copy of 3 to 15 nt from 

either of the two DNA ends involved in the translocation.  Both N-nts and T-nts are 

observed in fragile zones of BCL2 and BCL1, and these are usually but not always 

distinguishable.  Over 97% of the BCL1 breakpoints contain inserted junctional 

sequences, and 57% of the 1358 inserted nucleotides are Cs or Gs with frequent 

presence of C/G-strings, typical of TdT addition.  T-nts of 8 to 12 nts are observed in 9 



out of the 104 BCL1 MTC breakpoints, exhibiting mismatches with the germ-line 

sequences from MTC or IGH regions (Welzel et al. 2001).  Ten out of 38 breakpoints 

located outside of BCL1 MTC region show T-nts of ≥ 8 nts.  Over 95% of the 

junctional sequences of BCL2 show nucleotide additions, the majority of which are 

random nucleotides (not templated), a characteristic of TdT activity.  One study 

reported T-nt insertions at the BCL2-IGH junctions in 30% of the follicular lymphoma 

(FL) patients (Jager et al. 2000).  The two different nucleotide addition patterns in BCL1 

and BCL2 may indicate the involvement of two different breakage/repair mechanisms.  

The addition of T-nts may indicate that pol µ and pol λ had a longer time window to 

modify the DNA ends.   It is possible that an alternative end joining (aEJ) pathway may 

be responsible for some T-nts (Carvajal-Garcia et al. 2020).  We favor the view that all 

the N-nts and a majority of the T-nts are added during NHEJ for the following reasons: 

(a) most of the junctions have TdT additions, indicating that TdT is present and 

indicating a typical NHEJ event in lymphoid cells (Gauss and Lieber 1996); (b) pol µ 

and λ can generate direct repeats (DR) and inverted repeats (IR), which are the essential 

feature of T-nts (Maga and Hübscher 2003); (c) aEJ typically generates at least 2 nts of 

microhomology at both ends of the junctional addition, and this is rarely observed in 

lymphoid cells (Carvajal-Garcia et al. 2020).   

The presence of N-nts in the junctional regions of E2A, BCL1, BCL2, and 

MALT1 indicates that these chromosomal translocations arise during the pro-B or pre-B 

cell stage.  For BCL1, BCL2 and MALT1, this is consistent with the partner DSB arising 

at the IGH locus during V(D)J recombination (which is a pro-B/pre-B cell event). 

Mature B stage  

Translocations involving IGH and BCL6 or MYC occur in much larger zones and do not 

show features of TdT addition.  Among 63 cases with BCL6 translocated to 



immunoglobulin loci with sequence information, 22 contain 1-5 nt microhomology, 23 

contain random insertions, and 18 have no identifiable insertions or microhomology.  

Among the 58 cases with BCL6 translocated to non-immunoglobulin loci with 

sequences available, 29 have 1 to 4 nts microhomology, 9 contain random insertions, 

and 20 have no insertions or microhomology.  The low percentage of N-nts presence in 

the junctional sequences of BCL6 translocations is consistent with the view that these 

translocations are more likely to occur in mature B cells rather than in pro-B cells.  

Among the 177 MYC breakpoints, 33 contain nucleotide insertions of 1 nt to 33 nt in 

length with most of them less than 5 nt; 92 have microhomology of 1 to 5 nts from 

either MYC or IGH sequences with no insertions; and the remaining show no insertions 

or no microhomology (when the IGH break junctional sequence is available for 

inspection).   

The characteristic of BCL6 and MYC junctional sequences is very different from 

that of BCL1, BCL2, MALT1, and E2A, which mostly contain N-nts.  The mutation 

patterns of BCL6 and MYC (caused by SHM) is consistent with the distribution of 

breakpoints, indicating AID activity in geminal center B cells is the cause of the breaks 

(Lu, Pannunzio, et al. 2015). 

 

Biological aspects of major translocation events in human pro-B 

and pre-B cells  

BCL2-IGH translocations 

The BCL2-IGH translocation (Fig. 2A) is found in 50% of non-Hodgkin’s lymphomas 

(NHL) including over 80% FL and ~20% of diffuse large B cell lymphomas (DLBCL) 

(Finnon et al. 1995; Buchonnet et al. 2000).  It results from illegitimate rearrangement 



between the BCL2 gene and DH/JH gene segments during V(D)J recombination in early 

B cells (Fig. S4A).  No new chimeric protein is generated from the translocation event 

because the BCL2 breakpoints are mainly located at the 3’ UTR and its downstream 

intergenic region.  The t(14;18) event generates a hybrid transcript that consists of a 

major portion of the 5'  moiety of the BCL2 mRNA fused to the enhancer region of the 

immunoglobulin gene and increases the expression level of BCL2 (Cleary et al. 1986).  

The BCL2 protein, known as a potent apoptosis inhibitor, blocks programmed cell death 

and promotes cell survival (Reed 1994).  The increased BCL2 level in ALL patients is 

associated with poor response to chemotherapy (Campos et al. 1993). 

BCL1-IGH translocations (also called CCND1-IGH)  

The t(11;18) BCL1-IGH translocation (Fig. 2B) mainly occurs in mantle cell 

lymphomas, but also are found in plasma cell leukemias (PCL), intermediate 

lymphocytic lymphomas (ILL), and chronic lymphocytic leukemias (CLL) (Raffeld and 

Jaffe 1991; Rimokh et al. 1993; Resnitzky et al. 1996; Shimazaki et al. 1997; Remstein 

et al. 2000).  The BCL1 breakpoints are scattered within a 344 kb region between 

CCND1 and MYEOV gene.  The translocation event does not lead to new chimeric 

proteins but may exchange enhancers between the IGH locus and the BCL1 gene (Fig. 

S4B).   The IGH intronic enhancer is translocated to the upstream region of CCND1 

gene, stimulating the expression of CCND1.  The dysregulation of CCND1 due to the 

translocation event forces the cells to enter the S phase of the cell cycle and play a key 

role in the pathogenesis of B cell lymphomas.    

E2A-PBX1 and E2A-HLF translocations 

The E2A-PBX1 translocation (Fig. 2C) occurs in 5% of paediatric ALL patients (Foa et 

al. 2003).  E2A is an important regulator of lymphocyte differentiation and maturation 



with high expression in the lymphoid system (Bain et al. 1994; Kee et al. 2000).  The 

E2A protein is composed of two activation domains and a basic helix-loop-helix 

domain.  PBX1, usually not expressed in lymphoid cells, encodes a HOX family 

transcription factor which is made up of a C-terminal homeodomain and a dimerization 

domain.  The PBX1 C-terminal homeodomain usually interacts with other HOX family 

transcription factors to regulate gene expression (Knoepfler and Kamps 1995).  The 

derivative E2A-PBX1 gene after chromosomal translocation containing E2A exon 1-16 

and PBX1 exon 3-9 leads to the expression of a novel chimeric protein that is composed 

of the DNA binding domain of PBX1 and the transactivation domains of E2A (Fig. 

S4C) (Nourse et al. 1990).  The chimera can continuously activate the expression of 

PBX1 targeted genes in the B lymphoid compartment, where PBX1 is not expressed 

under physiological conditions (LeBrun and Cleary 1994).  In vitro and in vivo studies 

both have shown that this oncogenic translocation is capable of cellular transformation 

and tumorigenesis (Kamps et al. 1991; Lin et al. 2019; Pi et al. 2020).  The other 

derivative gene (composed of 5’ of PBX1 and 3’ of E2A) is usually either intact and 

then silent in B cells or lost from the leukemia cells. 

IGH-MALT1 and MALT1-API2 translocations   

MALT1 has two common translocation partners, IGH and API2.  The t(14;18) IGH-

MALT1 translocation (Fig. 2D) occurs in 10% of mucosa-associated lymphoid tissue 

(MALT) lymphomas (Murga Penas et al. 2010), which takes up 8% of all NHL 

(Troppan et al. 2015).  The breakpoints of MALT1 are located upstream of the coding 

exons in the intergenic region.  The tumor cells with IGH-MALT1 translocation showed 

dysregulated expression of MALT1 and the downstream BCL10 gene (Ye et al. 2005).   

The t(11;18) API2-MALT1 translocation occurs in 50% of MALT lymphomas 

(Lucas et al. 2001).  The breakpoints of MALT1 in API2-MALT1 translocation are 



widely scattered within a 29 kb region in MALT1.  The translocation event leads to a 

fusion protein that fuses the N-terminus of API2 gene to the C-terminus of MALT1 gene 

(Morgan et al. 1999).  API2 is one of the inhibitors of apoptosis proteins.  The resulted 

API2-MALT1 chimera was reported to self-oligomerize via the N terminus domain 

from API2 and is able to activate NF-kB pathway (Lucas et al. 2001). 

IGH-CRLF2 and P2RY8-CRLF2 translocations   

CRLF2 rearrangement is seen in 14% children with B-cell precursor acute 

lymphoblastic leukemias (B-ALL) and in 63% of paediatric ALL patients with Down 

Syndrome (Harvey et al. 2010; Hertzberg et al. 2010).  Rearrangement of CRLF2 is 

seen in 50% of the Ph-like acute lymphoblastic leukemia (Ph-like ALL), a high-risk 

group of B-cell ALL that lacks BCR-ABL1 fusion (Herold et al. 2017; Jain et al. 2017).   

An intrachromosomal deletion between of the pseudoautosomal region 1 of 

chromosomal X/Y occurs in 7% of B cell ALL patients, resulting in the juxtaposition of 

the first noncoding exon of P2RY8 with the coding region of CRLF2 (Mullighan et al. 

2009).  P2RY8-CRLF2 translocation leads to the expression a new fusion protein and is 

associated with JAK kinase mutations, both of which contribute to the leukemogenesis 

of B-progenitor ALL (Mullighan et al. 2009; Russell et al. 2009; Yoda et al. 2010).  The 

breakpoints in this interstitial deletion event are located near heptamer sequences of the 

RAG complex motif upstream of CRLF2 and within intron 1 of P2RY8, indicating the 

erroneous V(D)J recombination as the cause of the translocation (Tsai et al. 2010). 

The t(X;14) IGH-CRLF2 (Fig. 2E) occurs in 9% of paediatric pre-B ALL patients 

(Harvey et al. 2010).  The breakpoints of CRLF2 in this translocation event are scattered 

upstream of CRLF2 gene in the intergenic region with a small cluster, resulting in 

enhanced expression of CRLF2 gene after fusion with the IGH locus.  Like P2RY8-

CRLF2 event, patients with CRLF2 overexpression also have high JAK kinase mutation 



rate, which contribute to the extremely poor treatment outcomes and increased B cell 

leukemogenesis (Harvey et al. 2010). 

Biological aspects of major translocation events in human mature 

B cells  

IGH-BCL6 translocations   

IGH-BCL6 translocations (Fig. 2F) occur in around ~10% of NHL (Bastard et al. 1992; 

Deweindt et al. 1993).  Besides the IGH locus, BCL6 has been reported to translocate to 

many other genes including PIM1, RHOH, HSPCA, and TFRC etc. in B cell tumors 

(Akasaka et al. 2000; Chen et al. 2006).  Overall, BCL6 translocations in B cell NHL 

are observed in 5-15% in FL, 20-40% in DLBCL, and 20% acquired immunodeficiency 

syndrome (AIDS)-associated DLBCL (Ohno 2011).   

BCL6 gene encodes a sequence-specific transcription factor of Krüppel-like 

subfamily.  BCL6 protein functions to repress transcription from promoters containing 

its DNA-binding site and is exclusively expressed in geminal center B cells (Ohno 

2004, 2011; Basso and Dalla-Favera 2012).  It is key for the development of germinal 

center B cells and follicular helper T cells (Kitano et al. 2011). The breakpoints of 

BCL6 span over its promoter, non-coding exon 1, and intron 1.  The rearrangement of 

BCL6 with the IGH locus does not generate new fusion proteins but juxtaposes the IGH 

upstream sequence to BCL6 in the same transcriptional orientation (Fig. S4D).  Similar, 

for BCL6 translocations involving other genomic loci, the coding region of BCL6 is 

usually fused to the promoter sequence of the partner genes, which leads to the aberrant 

expression of BCL6.   These translocation events with deregulated BCL6 expression 

usually repress terminal B cell differentiation, affect antibody response, and then finally 

contribute to malignant lymphomas (Offit et al. 1994; Wagner et al. 2011). 



IGH-MYC translocations   

Around 80%-90% Burkitt’s lymphoma (BL) cases contain t(8;14) IGH-MYC 

translocation (Fig. 2G), making it a hallmark of BL (Hecht and Aster 2000; Boxer and 

Dang 2001).  MYC gene contains three exons.  Its exon 1 contains two promoters and is 

noncoding (Battey et al. 1983).  The breakpoints of MYC are scattered from the region 

upstream of MYC to its intron 1.  The translocation event makes the two genes fused in 

a head-to-head manner in which the MYC exon 2 and 3 are joined to 5’ of IGH region 

(Fig. S4E).  The normal MYC allele is usually silent in BL, and MYC protein is only 

expressed from the translocated MYC allele on derivative chromosome 14 (Hayday et 

al. 1984; Cory 1986).  The expression of the translocated MYC is driven by the 

upstream P1 promoter instead of P2 promoter, leading to enhanced MYC expression 

that drives the cell proliferation in BL (Strobl et al. 1993).  The breakpoints on IGH 

gene occur mainly in class switch regions, with a few located in V(D)J recombination 

region or sequence compatible with V(D)J recombination, or other regions/unknown.  

The cleavage sites of IGH indicate the involvement of either RAG complex in V(D)J 

recombination or AID (switch regions) in CSR. 

 

Motif analyses of the breakpoints at B cell oncogenes 

BCL2 breakpoints at CG and AID motifs   

A total of 551 BCL2 breakpoint sequences in BCL2-IGH translocation are currently in 

the literature that we have compiled in our database.  The breakpoints of the IGH loci 

are usually located at the coding ends of the DH and JH segments (Fig. S4A), which are 

from failed DNA ends joining after the RAG complex resulted DNA breakage in V(D)J 

recombination.  In contrast, the statistical analysis at the BCL2 breakpoints does not 



show significant proximity to CAC motif (Tsai et al. 2008).  This indicates that other 

mechanisms irrelevant to the RAG complex are involved in the BCL2 breakage. 

All the BCL2 breakpoints spread over an 18 kb length with three main clusters, 

each one being 105 to 570 bp in size.  The 175 bp major breakpoint region (MBR) 

located at the 3’ UTR of BCL2 gene contains 487 (88%) BCL2 breakpoints (Fig. 3A).  

The three major peaks within the MBR of BCL2 are all centred at a CG motif.  A total 

of 208 (43%) BCL2 MBR breakpoints are directly (zero nts) at CG (p = 1.8x10-96 in 

binomial test in Table 2).  The average distance in the MBR to the CG motif is 4.4 bp, 

in contrast with the 11.2 bp if the breakpoints were randomly distributed (p = 1.2 x 10-42 

in U-test).  The breakpoints in MBR are also in significant proximity to the AID CGC 

motif (p = 1.4 x 10-48 in U-test), which contains the CG in motif just mentioned in 

nearly all cases. 

Eleven (2%) BCL2 breaks occur in the 105 bp intermediate cluster region (icr) 

that is 19 kb downstream of the MBR (Fig. 3A).  In all icr breakpoints, 73% (8) of them 

are directly at (zero nts away) CG (p = 1.5x10-8 in binomial test in Table 2).  The 

average distance of icr breakpoints to CG motif is 0.55 bp, compared with 4.7 bp if they 

occurred in a random distribution (p = 8.2 x 10-8 in U-test).  The BCL2 breakpoints in 

icr do not show significant proximity to AID hotspot motifs. 

Nineteen (3%) of BCL2 breakpoints are mapped to a 561 bp minor cluster 

region (mcr) that is 29 kb downstream of MBR (Fig. 3A).  Fourteen (74%) of the 19 

mcr breaks are directly at (zero nts away) from CG motif (p = 5.4x10-18 in binomial 

test).  The average distance of mcr breaks to CG is 0.6 bp versus 40 bp if they were in a 

random pattern (p = 7.6 x 10-13 in U-test in Table 2).  Besides CG, the icr breakpoints 

are also statistically significantly close to AID CGC (p = 4.8 x 10-10 in U-test) and WRC 

(p = 4.6 x 10-6 in U-test) hotspot motifs, which often contain a CG (for CGC) or have a 



CG at the 3’ edge (for WRC). 

Among 27 breaks analysed that were scattered between the BCL2 MBR, icr, or 

mcr, but were not within any of these three regions, 5 (19%) of them are directly at 

(zero nts) CG (p = 2.2x10-3 in the binomial test).   

Therefore, the statistical analyses regarding BCL2 breakpoints in MBR, icr, mcr, 

and the interspace regions indicate CG motif and AID are important in BCL2 breakage 

phase.  

BCL1 breakpoints at CG and AID motifs   

A total of 162 DNA sequences from BCL1 breakpoints in BCL1-IGH translocations are 

in the Lieber lab database (Fig. 3B).  The 150 bp BCL1 major translocation cluster 

(MTC) located 109 kb upstream of BCL1 gene contains 104 (64%) BCL1 breaks, with 

the remaining 58 breakpoints broadly scattered outside of the MTC in a 329 kb region 

in the 344 kb intergenic zone between CCND1 and MYEOV (non-MTC breaks).   

Among the 104 BCL1 breakpoints in MTC, 38 (37%) of them are directly at 

(zero nts) CG (p = 7.0 x 10-9 in the binomial test in Table 2).  Over 90% (96 in 106) of 

the BCL1 breaks in MTC are within 8 bp to CG.  The average distance of BCL1 

breakpoints in MTC to CG motif is 2.6 bp, in contrast with the 7.8 bp if the breakage 

occurs in random pattern (p = 1.1x10-12 in U-test in Table 2).  The breakpoints do not 

show significant proximity to AID WRC and WGCW hotspot motifs (p>0.1) but are 

significantly close to AID CGC hotspot motif (p = 7.0 x 10-9 in U-test), which contains 

the CG motif.   

Twenty-nine out of the 58 (50%) non-MTC BCL1 breakpoints are less than 5 nt 

from CG motif, among which 18 of them are right at CG.  The CG type breaks (≤ 5 nt 

from CG) and non-CG type breaks (> 5 nt from CG) have different distribution across 

the BCL1 329 kb break region (Greisman et al. 2012).  Of note,11 of the 29 CG type 



non-MTC BCL2 breakpoints are at AID CGC motif (6.7x10-13 in binomial test).  The 

statistical analysis on the 29 non-CG type breaks shows no significant proximity to 

either CG motif or AID hotspot motifs.  

The significant proximity of BCL1 breaks in MTC and CG type breaks in non-

MTC to CG motif and AID hotspot motifs indicates the critical roles of CG and AID in 

their breakage.  The non-CG BCL1 breaks located outside of MTC may indicate a 

different mechanism for their breakage.  

E2A breakpoints at CG and AID motifs   

A total of 60 breakpoint sequences around the rejoining sites from 49 patients (and cell 

lines) with the E2A-PBX1 translocations have been reported (Wiemels et al. 2002; 

Paulsson et al. 2007; Fischer et al. 2015; Kato et al. 2017; Hein et al. 2019).  Eight 

patients with E2A-HLF translocations have been reported with known sequences 

around the rejoining sites (Hunger et al. 1992; Inaba et al. 1992; Fischer et al. 2015).    

 E2A breakpoints from 48 of the 49 patients (98%) with E2A-PBX1 

translocations are located within the 3.3 kb E2A intron 16 (Fig. 3C).  Surprisingly, 36 

out of the 48 patients (75%) with E2A-PBX1 translocations have E2A breaks localized 

to a 23 bp zone in E2A intron 16, making the 23 bp zone > 400-fold more fragile 

compared with other regions within the same intron.  Within the 23 bp E2A fragile 

zone, there are two CpG sites.  Among the 47 breaks located inside the fragile zone 

from patients with E2A-PBX1 translocation, 39 (85%) of them are within 1 bp distance 

to CG motif, 28 (60%) of them being right at the CG and 11 breakpoints being 1 bp 

away from CpG sites.  Among the 49 cases with E2A-PBX1 translocations, 11 of them 

have the breakpoint sequences from both derivative chromosomes reported (reciprocal 

translcoations).  After the initial DNA breakage, the DNA ends are predominantly 

rejoined through NHEJ.  The rejoining process always involves DNA end resection and 



nucleotide insertion prior to NHEJ (Chang et al. 2017).  Therefore, the breakpoints 

sequenced from two derivative chromosomes can provide us with a sequence window 

where the initial DNA breakage might have originated (Lieber 2016).  The 11 patients 

with reciprocal E2A-PBX1 translocations provide us with an average of 5.5 bp initial 

breakage window ranging from 1 bp to 14 bp.  All the 11 breakage windows from the 

reciprocal translocations include the CG motif.  Statistical analyses indicate E2A breaks 

from E2A-PBX1 translocation are statistically significantly in proximity to the CG 

motif (p = 8.3 x 10-6 in U-test), AID WRC motif (W=A/T, R=A/G, p = 1.0 x 10-3 in U-

test), and AID CGC motif (p = 4.1 x 10-6 in U-test).   

Five of the 8 patients with E2A-HLF translocation have E2A breakpoints in 

intron 16, including two patients with reciprocal translocations.  The seven breakpoints 

from the five patients, including two pairs of double-breakpoints and 3 single-

breakpoints are all within the 23 bp E2A fragile region (Fig. 3C), which further 

confirms the fragility of the 23 bp zone.  Six out of 7 E2A breaks (86%) within the 23 

bp region in patients with E2A-HLF translocations are also directly at the CG motif (p = 

1.3 x 10-3 in the binomial test).  The E2A breakpoints in E2A-HLF translocations are 

also in significant proximity to CG motif (p = 6.9 x 10-6 in U-test) and AID WRC (p = 

2.4 x 10-2 in U-test) and CGC (p = 1.5 x 10-2 in U-test) hotspot motifs. 

The breakpoint sequences of E2A strongly suggest the critical role of CG motif 

and AID in the breakage phase of the E2A fragile zone. 

MALT1 breakpoints at CG and AID motifs   

Eight MALT1 breakpoints from IGH-MALT1 translocation are available, all of which 

are highly focused in an 86 bp zone that is located 1.4 kb upstream of the MALT1 gene 

in the intergenic region (Fig. 3D).  Seven out of the 8 MALT1 breakpoints are within 8 

bp to the CG motif, 4 of which are right at CG.  Statistical analyses show the 



breakpoints are significantly close to CG motif (p = 6.2 x 10-3 in U-test in Table 2) and 

AID hotspot motif (WGCW, p = 1.6 x 10-3 in U-test).   

Twenty MALT1 breakpoints in API2-MALT1 translocation are broadly located 

in a 29 kb region across the whole MALT1 gene, none of which are at CpG sites (p = 1 

in binomial test).  The API2 breakpoints are scattered in a 4.5 kb region within its intron 

7.  The MALT1 breakpoints in API2-MALT1 translocation do not show significant 

proximity to AID WRC (p = 0.5 in U-test) and WGCW (p= 0.8 in U-test) hotspot 

motifs, but they show some propensity to AID CGC hotspot motif (p = 3.5 x 10-2 in U-

test) than by random chance. 

The junctional sequences of MALT1 breakpoints and the statistical analyses 

results suggest the different mechanisms behind the breakage of MALT1 in IGH-

MALT1 and in API2-MALT1 translocations.  Like other fragile zones, CG and AID are 

critical for MALT1 breakage in IGH-MALT1 translocation but other factors may 

contribute to its breakage in API2-MALT1 translocation. 

BCL6 and MYC breakpoints are at WRC and WGCW and a subset are at CG 

motif   

IGH-BCL6 and IGH-MYC are two common chromosomal translocations occurring in B 

cell malignancies.  R-loops that are kilobases in length have been described at both loci 

and account for the large regions in which AID-type breaks are generated at these two 

loci in mature B cells (Ruiz et al. 2011; Lu et al. 2013; Yang et al. 2014).  Unlike the 

translocations that occur in early B cells, the BCL6 and MYC breakpoints are widely 

scattered in large zones up to 4.1 kb.  Different from the fragile regions mentioned 

above, the 4.1 kb MYC break region and 2156 bp BCL6 break region are very CG-rich, 

averaging one CG per 16.8 bp for MYC and one CG per 18.9 bp for BCL6.  In contrast, 

the CG density in MTC, MBR, icr, and mcr is 21.4 bp, 35 bp, 50.3 bp, and 93.5 bp.   



The 152 BCL6 breakpoints spread over an 18 kb bp region, starting from 6.7 kb 

upstream of the BCL6 gene to its intron 2 (Fig. S5A).  Eight-five of 152 (56%) BCL6 

breakpoints translocate to IG loci and 67 (44%) of them translocate to non-IG loci such 

as PIM1, CIITA, RHOH, and HNRNPC.  In all 152 BCL6 breakpoints, 134 (88%) are 

focused within a 2156 bp region in BCL6 intron 1, among which 81 breakpoints are 

from BCL6-IG translocations and 53 breakpoints are from BCL6-non-IG translocations 

(Fig. S5A).  Fourteen of the 81 BCL6 breakpoints in BCL6-IG translocation within the 

2156 bp fragile zone are right at CG (p = 0.35 in binomial test).  They show highly 

significant proximity to AID hotspot motifs (for WGCW: p = 4.7x10-7 in U-test; and for 

WRC: p = 1.2 x 10-3 in U-test).  The occurrence of BCL6 breaks in BCL6-IG 

translocations at AID hotspot motifs but not CG motif indicates the germinal center 

origin of the arrangement.   

The 53 BCL6 breakpoints that partner with non-IG loci in the 2156 bp region 

show significant proximity to CG motif (p = 6.7 x 10-4 in U-test in Table 2).  Seventeen 

of them (32%) are right at CG (p = 1.7 x 10-3 in binomial test).  The average distance of 

them to CG is 6.9 bp, versus 11.6 bp if they are at random (p = 6.7x10-4 in U-test).  

Twenty of the 53 breaks are right at AID WRC motif (p = 9.1 x 10-4 in binomial test).  

The average distance of them to WRC motif is 3.8 bp versus 4.8 bp if occurring at 

random (p = 0.03 in U-test).  Six of the 53 BCL6 non-IG breaks in the fragile zone are 

within AID WGCW motif (p = 0.026 in binomial test), with an average distance of 25.5 

bp versus 34.2 bp if randomly distributed (p = 0.023 in U-test).  Overall, the BCL6 

breakpoints in BCL6-non-IG translocations are highly focused on CG motif and show 

certain level of preference to AID hotspot motifs.  The CG motif and AID hotspot motif 

seem to indicate the early B cell origin of the BCL6-non-IG translocations.   

Among the 177 MYC breakpoints in IGH-MYC translocation, 156 (89%) of 



them are randomly distributed within a 4.1 kb region between 1.4 kb upstream of MYC 

5’UTR and its intron 1 without apparent clusters (Fig. S5B).  The average distance of 

the MYC breakpoints to CG motif is 8.7 bp compared with 8.9 bp if they are in random 

pattern (p = 0.77 in U-test).  CG motif does not seem to be a hotspot in MYC 

translocations.  The MYC breakpoints in this 4.1 kb region do not show significant 

proximity to AID CGC motif (p = 0.88 in U-test).  However, AID hotspot WGCW (p = 

6.7 x 10-6 in U-test) and WRC (p = 0.1 in U-test) motifs are overrepresented around 

MYC breaks.  The MYC breakpoints are neither close to CAC (RAG motif) in 

statistical analysis (data not shown).  These results may suggest a later stage occurrence 

of the breakage in mature B cells caused by AID activity. 

 

Local features around the narrow (20-600 bp) fragile zones 

The CG motif and the AID hotspot motifs are very common in the human genome, 

averaging 1 per 80 in the human genome for CpG, and even more abundant for AID 

hotspot motifs.  Other factors besides the local motif features must be involved to 

determine which regions have vulnerable CG or AID motifs.  Reviewing a broader 

region surrounding fragile zones helps to check for distinctive features that might 

contribute to the fragility of the B cell fragile zones and may be in common among 

them the various 20 to 600 bp fragile zones of human B cell lymphomas. 

Nucleotide composition and surrounding CG motif proximity   

Considering that the CG motif is statistically important in the breakage phase of E2A 

and the other human fragile regions, we were wondering about the proximity of the 

nearest CpG sites upstream and downstream of the fragile regions (Table S1).  The 

nearest CpG to the E2A fragile region is 97 bp upstream and 116 bp downstream.  



Those two CpG sites define a region of about 240 bp in length where the CG motif only 

exists in the central 23 bp fragile region.  This same point applies to the other fragile 

regions of < 600 bp.  Though the break sites within the fragile regions at MALT1, BCL1, 

and BCL2 are larger than the one on E2A, the broader potential ssDNA regions 

delimited by the nearby CG motif range between 200 bp to 1000 bp, with MALT1 

fragile region and BCL1 MTC being close to the low end of this range (Table S1).  For 

large fragile zones of several kilo base pairs in MYC and BCL6, the zone defined by the 

nearest CpG sites outside of the fragile regions is in similar size as to the original fragile 

regions. 

DNA repeats   

Repeated sequences in the genome could lead to transient misalignment of DNA during 

transcription, replication, local DNA repair synthesis, or any other processes that could 

separate two DNA strands.  Misaligned regions will be in a ssDNA state transiently, and 

that state will be vulnerable to nucleases or AID inside the cells (Pannunzio and Lieber 

2018).  DNA direct repeats and inverted repeats with a length of 6-30 bp and the 

interspace between 0 bp and 30 bp in regions defined by the nearest CG sites outside of 

the fragile zones mentioned in Table S1 were checked.   

BCL2 MBR contains three DNA direct repeats with the length of 6 bp, 7 bp, and 

8 bp and an inverted DNA repeat of 6 bp (Fig. S10A).  The 6 bp direct repeat (top panel 

of Fig. S10A, DR2, solid circles in grey) flanks the two CpG sites of the first MBR 

peak.  The third peak of MBR is flanked by the 7 bp direct repeat (DR3, solid circles in 

yellow).  A DNA repeat of 7 bp (top panel of Fig. S10A, DR4, solid circles in light 

blue) is right downstream of MBR.  One direct repeat of 6 bp is located at the edge of 

icr of BCL2, overlapping with the second CpG site of icr (middle panel of Fig. S10A).  

A direct repeat of 6 bp and two inverted repeats of 6 bp and 7 bp are found right 



downstream of the icr.  Seven direct repeats and two inverted repeats are present in 

BCL2 mcr (bottom panel of Fig. S10A).  A direct repeat of 7 bp (bottom panel of Fig. 

S10A, DR2, solid circles in yellow) is flanking the first CG motif of icr, where the 12 

out of 19 breakpoints of mcr are clustered around.  

Three direct DNA repeats and one inverted repeat are located within the 150 bp 

BCL1 MTC (Fig. S10B).  The 6 bp inverted repeat (RR1, open circles in yellow) 

overlaps with the first CpG site in the fragile zone.  The 6 bp direct repeat (DR3, solid 

circles in light blue) flanks the last two CpG sites in MTC.  

A DNA direct repeat of 6 bp (Fig. S10C, DR2, shown in solid circles in light 

blue) in length flanks the 23 bp E2A fragile zone.  An inverted DNA repeat of 6 bp 

(open circles in green, RR3) in and a direct DNA repeat of 7 bp (solid circles in dark 

blue, DR3) are found right downstream of the E2A fragile zone.   

Both the 86 bp MALT1 fragile zone and the 311 bp CRLF2 fragile zone are in 

AT-rich regions.  Increased numbers of DNA repeats are present in these two fragile 

zones due to the repetitive A- and T-strings.  Six inverted repeats and two direct repeats 

are in the MALT1 fragile zone (Fig. S10D).  The first CpG site within the MALT1 

fragile zone, where most of the patients break in IGH-MALT1 translocation, is flanked 

by a 6 bp inverted repeat (Fig. S10D, RR1, open circles in brown).  Five direct repeats 

and six inverted repeats are found within the 311 bp CRLF2 fragile zone (Fig. S10E).  

The first CpG site is flanked by a 6 bp direct repeat (Fig. S10E, DR2, solid circles in 

light blue).  Several DNA repeats are located right upstream of the last two CpG sites 

within the CRLF2 break region, though none of them is flanking the two CpG sites. 

Abundant DNA repeats are found in the large break regions of BCL6 and MYC 

(data not shown).   Eight-nine repeats, including 69 direct DNA repeats and 20 inverted 

DNA repeats are found in the 2156 bp BCL6 fragile region, averaging one repeat per 24 



bp.  A total of 73 direct repeats and 43 reverse repeats are found in the 4.1 kb MYC 

fragile zones (one repeat per 35 bp).    

Except for the small DNA repeats (≤ 30 bp), there are many long repetitive 

regions in the genome such as LINE, SINE, LTR, and DNA, which occupy about 50% 

of human genome (Burns 2017).  The long repetitive elements in a lymphoblastoid cell 

line (GM12878) were annotated with RepeatMasker in UCSC Genome Browser near all 

fragile zones.  We found that long repetitive sequences are present in some but not all B 

cell fragile zones (“Repeat” panel in Fig. S9).  Low complexity repeats are commonly 

observed in BCL6 and MYC fragile zones.  Two LINE elements are located within the 

175 bp MBR of BCL2.  One LINE element and one SINE element are found within the 

311 bp CRLF2 fragile zone.  A transposable element MER20 sequence is located right 

downstream of E2A fragile zone.  One study proposed that the significant enrichment of 

MER20 DNA transposon near the E2A fragile zone may be related to the E2A breakage 

(Rodic et al. 2013).  We found the conclusion is unsolid because the MER20 sequence 

used for genome BLAST was truncated in that study which makes the statistical 

analyses bias for E2A fragile zone.  The truncated MER20 near the E2A fragile zone 

misses all the lateral elements required for an active transposon.  The invasion of 

MER20 near E2A fragile zone could be an occasional event resulted from DNA 

breakage rather the cause of the breakage event. 

Histone modifications   

Histone modifications can alter chromatin structure, affect the accessibility of the genes, 

impact gene expression, and serves as landmarks to recruit other proteins (Berger 2002; 

Latham and Dent 2007; Suganuma and Workman 2011; Zentner and Henikoff 2013; 

Lawrence et al. 2016).  It has been intensively studied that histone modifications have a 

fundamental role in DNA DSB repair initiation and regulation in the rejoining phase 



(Foster and Downs 2005; Van Attikum and Gasser 2009).  However, studies regarding 

the effect of histone modifications on the breakage of DNA are limited.  We 

hypothesize the histone modifications located specifically around the fragile regions 

may modify local DNA structure by itself or by recruiting other DNA structure 

modifiers.  Once the local DNA structure has been changed, the DNA in certain region 

may become more accessible or be more prone to be in transient ssDNA state.  It will 

increase the chance of the certain DNA sequence being targeted by nucleases and other 

enzymes that can lead to DSBs.   

ChIP-seq results for CTCF and histone modifications including H2A.Z, 

H3K27ac, H3K36me3, H3K4me1, H3K4me2, H3K4me3, H4K79me2, H3K27me3, 

H3K9ac, H3K9me3, and H4K20me1 near all fragile zones in a lymphoblastoid cell line 

(GM12878) are assembled from UCSC Genome Browser (“Histone modifications” 

panel in Fig. S9).  H2A.Z, H3K79me2, and H3K36me3 are three neutral histone 

modifications that don’t correlate with gene activation or repression.  Histone variant 

H2A.Z usually locates at +1 and -1 nucleosomes to prevent the spread of the 

heterochromatin (Raisner et al. 2005; Barski et al. 2007).  H3K79me2 and H3K36me3 

are involved in many cellular processes including DNA repair, alternative splicing, and 

replication initiation (Kolasinska-Zwierz et al. 2009; Fu et al. 2013; Li F et al. 2013; 

Farooq et al. 2016; Li T et al. 2018).  H3K27me3, H3K9me3, and H3K4me2 have been 

reported to mark the repression of genes (Barski et al. 2007; Schuettengruber et al. 

2007; Liu Y et al. 2019).  In contrast, H3K4me3, H3K9ac, H3K27ac, and H4K20me1 

are related to gene activation and are associated with actively transcribed regions 

(Barski et al. 2007; Schuettengruber et al. 2007; Creyghton et al. 2010; Karmodiya et al. 

2012; Liu X et al. 2016).  We found that no single histone modification or a 

combination of different histone modifications are commonly present within all the 



fragile zones.  It indicates the breakage of the B cell fragile zones may not be caused by 

histone modifications or their associated biological processes. 

A CTCF peak is present 200 bp upstream of the 23 bp E2A fragile zone in intron 

16 (Fig. S9C).  Three CTCF peaks are located within the MYC 4.1 kb break region 

(Fig. S9G).  It is unclear if the CTCF binding has any effect on the breakage of those 

genes. 

Transcription   

Active transcription is an important contributor to transient ssDNA regions.  

Transcription separates the two DNA strands and leaves the non-transcribed strand 

(NTS) as ssDNA for the length (~15 bp) of the transcription bubble (Barnes et al. 2015).  

The template strand (TS) is paired with the nascent RNA transcript in the bubble.  

ssDNA, as we have been mentioned many times, is a potential substrate for AID and 

other nucleases.   

The expression level of E2A, BCL2, BCL6, and MYC is very high in diffuse B 

cells which suggests an active transcription through these regions (“DNA features” 

panel in Fig. S9).  LncRNA is another indicator of the transcription level of the fragile 

zones, especially for those located in the intergenic regions.  We found the presence of 

lncRNA in the fragile zones of E2A, BCL2, MALT1, BCL6, and MYC, the latter two of 

which contribute to the situation of two conflicted promoters.  Study regarding BCL6 

fragile zone suggests the convergent BCL6 and lncRNA promoters may have a role in 

the BCL6 breakage (Lu, Pannunzio, et al. 2015).   

Transient or intermittent pause of RNA polymerase during transcription can lead 

to prolonged duration of ssDNA in the transcription bubble.  The probability of the NTS 

being attacked by enzymes inside the cells, such as by AID, can increase (Canugovi et 

al. 2009).  We have found that DNA with C-strings (consecutive cytosines such as 



CCCCC) is more reactive in native bisulfite reactions compared with DNA containing 

alternating guanines and cytosines (e.g. GCGCGC) (Tsai et al. 2009).  The X-ray results 

indicate that the DNA duplex with C-strings adopt a non-canonical DNA structure that 

is intermediate between B form DNA and A form DNA (Dornberger et al. 1999).  The 

intermediate B/A-DNA structure formed by C-strings could potentially delay the RNA 

polymerase II (pol II) during transcription.  A recent study showed that human pol II 

has a frequent early transcription termination at C-string regions in the test tube (Pham 

et al. 2019).  C-strings are found in B cell fragile zones including the 23 bp E2A fragile 

zone, MBR and icr of BCL2, BCL1 MTC, BCL6, and MYC (Table 2).  Several assays 

were developed to map the pausing sites of RNA pol II in human genome (“TF binding” 

panel in Fig. S9).  The genome-wide study of RNA pol II pausing sites in normal 

human skin fibroblast cells by Cheung et al. maps the consistent RNA pol II pausing 

sites across five individuals (Watts et al. 2019).  Transient transcriptome sequencing 

(TT-seq) which measures the local rate of RNA synthesis and degradation, together 

with mNET-seq which shows the RNA pol II number detected within a certain window, 

enables the detection of the RNA pol II pausing duration at single nucleotide resolution 

in human Raji B cells (Schwalb et al. 2016; Gressel et al. 2017).  None of these assays 

above indicate a strong RNA polII pausing sites within the fragile regions.   

The ChIP-Seq results on RNA pol II in GM12878 cells were assembled from 

UCSC Genome Browser to investigate the abundance of pol II within the fragile regions 

(“TF binding” panel in Fig. S9).  Several pol II peaks within BCL6 and MYC break 

regions are observed, with an absence of Pol II peaks within all other fragile zones.  The 

low pol II signals in most fragile zones further indicate the low level of transcriptional 

pausing within these zones.  The pol II signal observed in BCL6 and MYC fragile zones 

may indicate an increased transcription level or increased pausing rate.  Considering the 



low incidence of the breakage events, the pausing of RNA pol II could be occurring in 

very chance in fragile zones without pol II signal that is beyond the sensitivity of these 

assays. 

Replication   

DNA replication is another biological process which can separate two DNA strands and 

provide transient ssDNA for nuclease or deaminase action.  Factors that can affect the 

replication fork could potentially contribute to DNA breakage. 

 The replication origins vary substantially in different cell types and under 

different conditions and methods used in different studies.  A study using the HCT116 

cell line showed that even with ORC2 knocked out, there are at least 52,000 replication 

origins being fired in each cell cycle (Shibata et al. 2016).  Those replication origins do 

not seem to have any sequence preference.  Another study using the HeLa cell line 

claims that origin density is associated with CpG islands based on the 283 origins 

identified in their investigation (Cadoret et al. 2008).  A more recent genome-wide 

study shows that many of the DNA replication origin locations are conserved across 4 

cell lines (IMR-90, HeLa, hESC H9, and iPSCs from IMR-90) (Picard et al. 2014).  A 

G-quadruplex–forming DNA motif was identified as a conserved motif that can predict 

replication origins of human cells, but that has not been further pursued to our 

knowledge (Besnard et al. 2012; Langley et al. 2016). 

 Repli-Seq is newly developed assay to map the sequences of nascent DNA 

replication strands throughout the whole genome during each of the six cell cycle 

phases, having been used to genome-wide assessment of how cellular processes are 

linked to replication timing (Marchal et al. 2018).  Repli-Seq results from the GM12878 

cell line were assembled from UCSC Genome Browser (“Replication origins” panel in 

Fig. S9).  All fragile zones are replicated at certain levels in various phases without 



preference to any single phase.  It has been reported that AID has increased stability and 

enhanced nuclear localization in G1 phase compared with other phases which restricted 

its activity in G1 phase (Le and Maizels 2015; Wang et al. 2017).  Some level of 

replication was observed in G1 phase which generates ssDNA substrate for AID, 

potentially in all fragile zones except BCL2 MBR and BCL1 MTC.   

Accessibility of the fragile zones   

The accessibility of the fragile region is a key determinant of whether AID and other 

nucleases can obtain physical access to that portion of the DNA duplex.  DNase I 

hypersensitivity (DNase I HS) assays are widely used to map the regions that are 

sensitive to DNase I cleavage (Wu 1980).  The sequencing peaks from DNase I HS 

assay represent regions that have lost the condensed structure and are therefore in a 

more exposed state.  Formaldehyde-assisted isolation of regulatory elements with deep 

sequencing (FAIRE-Seq) is a robust assay for detection of regulatory element binding 

regions, the signal of which indicates the accessibility of certain region (Giresi et al. 

2007).  Micrococcal nuclease digestion with deep sequencing (MNase-Seq) was 

developed to measure the nucleosome occupancy in the human genome (Schones et al. 

2008).  The occupied DNA segments are sequenced in this assay and displayed as peaks 

after mapping back to human reference genome.  DNase I HS assay, FAIRE-Seq, and 

MNase-Seq are three methods that can provide strong cross-validation with each other. 

 We checked the DNase I HS assay, FAIRE-Seq, and MNase-Seq results for all 

the fragile zones in GM12878 cell line (“Chromatin accessibility” panel in Fig. S9).  

The BCL2 MBR is highly inaccessible based on the low signals in DNase I HS and 

FAIRE-Seq assays and obvious occupancy by nucleosomes (Fig. S9A).  The BCL2 icr 

is in the middle of a DNase I peak and a FAIRE-Seq peak with low nucleosome 

occupancy, all of which indicates the high accessibility of this region.  The broad region 



covered by the 561 bp BCL2 mcr contains two nucleosome peaks at the edges with 

largely low nucleosome occupancy in the middle of this zone.  DNase I signals are not 

observed in mcr but a moderate FAIRE-Seq peak is located within this region which 

may suggest the moderate accessible state of mcr.  The 150 bp BCL1 MTC shows 

moderate DNase I signal and FAIRE-Seq signal together with a relative strong 

nucleosome occupancy peak which makes it difficult to draw a solid conclusion on the 

accessibility of MTC (Fig. S9B).  The 23 bp E2A fragile region is absent of nucleosome 

signal and within a moderate FAIRE-Seq peak, suggesting an open state of this region 

though the DNase I HS assay only shows background signals (Fig. S9C).  The 86 bp 

MALT1 fragile zone is in a nucleosome free region with moderate FAIRE-Seq signals 

(Fig. S9D).  The 311 bp CRLF2 fragile zone contains an obvious FAIRE-Seq peak, 

suggesting a relative accessible state of this region (Fig. S9E).  The 2156 BCL6 break 

region contains moderate FAIRE-Seq signal and low DNase I signal, with several peaks 

for nucleosome occupancy (Fig. S9F), which may indicate a relatively closed state.   In 

contrast, MYC break region shows high DNase I signals and FAIRE-Seq signals, 

suggesting a very accessible state (Fig. S9G). 

Though not always consistent with each other, the three assays indicate a largely 

open state of all fragile zones in B cells except BCL2 MBR (Fig. S9) (Lu, Lieber, et al. 

2015).  The general accessible state of the fragile zones indicates that the fragility of 

these region in human genome may correlate with the regional accessibility.  The low 

accessibility of BCL2 MBR may suggest the involvement of other factors contributing 

to the transient ssDNA state of those fragile regions, which make it vulnerable to DSBs.  

One possibility is that the BCL2 MBR, occupied by nucleosomes, may be under 

distortion in living cells.  Within each nucleosome, 146 bp of DNA is tightly wrapped 

around the histone octamer inside the cells.  The high-resolution X-ray structure of the 



nucleosome core particle shows that the superhelix around the histone octamer is not 

uniformly bent but has sharp curvatures and local kinks (Luger et al. 1997).  Each 

nucleotide base pair suffers from varied levels of lateral shearing.  The degree and 

location of DNA deformation inside the cells is decided by multiple factors including 

DNA sequence, histone modifications, and DNA binding proteins (Gasser 2016).  The 

local distortion in MBR might be further increased by other factors and finally lead to 

transient ssDNA of the fragile region. 

Cytosine methylation   

U:G mismatches are repaired very quickly in mammalian cells by uracil DNA 

glycosylase (UDG).  Thymine DNA glycosylase (TDG) and MBD4 are more than 

2000-fold less efficient compared with UDG when excising the T:G mismatches 

(Schmutte et al. 1995; Walsh and Xu 2006).  Therefore, the T:G mismatch resulting 

from AID deaminated methylcytidine is a long-lived lesion in the human genome.  The 

persistent DNA lesions are more likely to be converted to DSBs inside the cells.   

The results from reduced representation bisulfite sequencing (RRBS) and 

methylated DNA immunoprecipitation sequencing (MeDIP-Seq) are assembled from 

UCSC Genome Browser for all fragile zones (“DNA features” panel in Fig. S9).  The 

cytosines within BCL2, BCL1, E2A, MALT1, and CRLF3 fragile zones have certain 

level of methylation in GM12878 cell line.  These results support the possible events of 

persistent T:G mismatches in the fragile zones, once the methylated cytosines are 

deaminated by AID.  For BCL6 and MYC break regions in mature B cells, CpG islands 

are founded, which are not present within or near fragile zones of early B cells.  

Interestingly, hypomethylated regions are observed in BCL6 and MYC break region 

together with increased nucleotide mutation rates (Fig. S9F; Fig. S9G).  The different 

methylation pattern of fragile regions of early B cells and that of mature B cells may be 



involved in different breakage mechanisms.  

Supplemental Figure and Table legends 

Figure S1.  Mechanism of V(D)J recombination.  V(D)J recombination occurs at 

sequences called 12-recombination signal sequence (RSS) and 23-RSS (see the figure).  

An RSS contains conserved heptamer and nonamer sequence elements, separated by 

either 12 or 23 non-conserved base pairs, hence the designation 12-RSS and 23-RSS.  

One recombination event requires one 12-RSS and one 23-RSS, and this is called the 

‘12/23 rule’.  Along with the constitutively expressed high mobility group box 1 

(HMGB1) protein, the early lymphoid-specific recombination activating gene 1 (RAG1) 

and RAG2 proteins form a complex, designated the RAG complex, which nicks and 

then hairpins the DNA ends at the V and J segments (see the figure).  The Ku complex 

(comprised of KU70-KU80) can bind to any of the four DNA ends.  The DNA-PKcs 

complex then binds to the V and J hairpin ends and nicks the hairpins in a manner that 

usually results in a 3' overhang.  The Artemis:DNA-PKcs complex can then further 

endonucleolytically resect at any 3' or 5' overhang.  DNA pol µ and pol λ can fill-in the 

gap in a template-independent manner.  The ligase complex includes XLF (also known 

as Cernunnos), XRCC4, and DNA ligase IV.  Some antigen receptor loci have not only 

V and J segments, but also D segments; hence, the name V(D)J recombination.  TdT is 

also expressed in early T and B cells, and it is responsible for most of the junctional 

addition of nucleotides, which is the major factor in what is called junctional diversity.  

Figure S2.  Mechanism of mammalian Ig heavy locus class switch recombination.  (A) 

Mammalian IGH switch (IGH-S) regions form R-loops upon transcription, and these 

have now been demonstrated to be important for the efficiency of IGH CSR (Zhang, 

Pannunzio, Han, et al. 2014; Zhang, Pannunzio, Hsieh, et al. 2014).  (B) AID requires 

ssDNA in order to recognize cytosine (shown as C in the figure) as a substrate, and R-

loops provide a fully single-stranded NTS.  AID has a preference for C that is 

surrounded by the sequence WGCW, where W = A or T.  But AID can deaminate any C 

to a U (and any methylated C to a T, though at an efficiency that is somewhat lower) 

(Bransteitter et al. 2003).  (C) Once AID has converted some of the Cs in the switch 

region to U, then UDG (also known as UNG, specifically UNG2) can remove the U to 

create an abasic site (dashed line in figure).  Next, APE1 can create a nick at the abasic 



site.  This explains nicks on the NTS (Masani et al. 2013).  (D) RNase H can remove 

portions of the RNA (RNA is shown as red line in the figure) that are annealed to the 

TS, thereby exposing ssDNA regions – thus allowing AID/UDG/APE action there as 

well (depicted as gap in the figure).   AID can also act on the TS at the edge of the R-

loop (Yu et al. 2005).  (E) NHEJ is the primary pathway for joining the DNA ends (Han 

and Yu 2008). 

Figure S3.  Mechanistic aspects of Ig somatic hypermutation.  Although not fully 

understood, some of the known elements of the SHM process are shown in the figure.  

AID requires ssDNA (Bransteitter et al. 2003; Pham et al. 2003).  Unlike for IGH CSR, 

where stable kilobase length R-loops provide ssDNA, for SHM at physiological loci 

(primarily IGH and IGL V segments), the ssDNA may arise simply due to transcription, 

which is accompanied by transient underwinding (negative superhelical tension) of the 

dsDNA in the wake of the RNA polymerase as it passes through a region.  After AID-

mediated deamination of C to U on either strand of the DNA (or methylated C to T), 

then either of two error-free mechanisms may repair the site, without mutation.  These 

two error-free mechanisms are base excision repair (BER) and mismatch repair (MMR).   

But in SHM, any of three error-prone pathways may operate.   First, an error-free DNA 

polymerase may simply copy the U, which is read as a T, resulting in a C:G to T:A 

transition.  Second, UDG will remove the U, and APE1 will nick 5’ to the abasic site.  

This will then allow a REV1-dependent transversion to result.  Third, after UDG and 

APE1 action, exonuclease 1 (EXO1) can resect downstream of the nick site, providing a 

long gap that is filled-in by the error-prone DNA polymerase eta (pol 𝛈).   

Figure S4.  Schematic illustration of B cell translocations.  (A) Schematic illustration of 

BCL2-IGH translocation.  The breakage of IGH locus is caused by RAG complex 

during V(D)J recombination at the DH and JH segments.  A mismatch on BCL2 is 

initiated by AID and then recognized by Artemis:DNA-PKcs complex to further be 

converted to a DSB.  The DNA ends from breaks at the IGH loci are mistakenly joined 

with ends from BCL2 breaks.  This results in the BCL2 gene being under the regulation 

of the enhancer region of IGH (Eµ).  (B) Schematic illustration of the CCND1-IGH 

translocation.  The CCND1-IGH translocations occur in a similar way as the BCL2-IGH 

translocation.  The expression of CCND1 gene is regulated by the enhancer region of 

IGH after the translocation event.  (C) Schematic illustration of E2A-PBX1 



translocation.  The breakage of PBX1 gene is mainly restricted to its intron 2 and the 

E2A gene breakpoints are localized in intron 16.  The E2A exon 1 to exon 16 is fused to 

PBX1 (exons 3 to 9), resulting in a chimeric protein containing the E2A transactivation 

domain and PBX1 DNA binding domain.  (D) Schematic illustration of the BCL6-IGH 

translocation.  In this translocation, the breakpoints of the IGH locus are mainly 

restricted to the switch region.  The BCL6 breakpoints span from the upstream region of 

the gene to its intron 1.  Exon 1 of BCL6 is non-coding.  The translocation event fuses 

part of the switch region to the coding region of BCL6 (starting at exon 2), resulting in 

dysregulation of BCL6 expression.  (E) Schematic illustration of the MYC-IGH 

translocation.  The breakpoints of MYC span from the upstream region of the MYC gene 

to its intron 1.  Exon 1 of MYC is non-coding.  The translocation event leads to MYC 

under the regulation of IGH enhancer.  E and I: enhancer; C: constant region; S: switch 

region; V, D, and J: variable, diversity, and junction; E: exon of a gene.  

Figure S5.  Breakpoint distribution on BCL6 and MYC genes.  (A) BCL6 breakpoint 

distribution.  The BCL6 breakpoints span over an 18 kb region from 6.7 kb upstream of 

BCL6 to its intron 2.  Around 88% of the BCL6 breakpoints are clustered within a 2156 

bp region in BCL6 intron 1.  The BCL6 breakpoints in BCL6-IG translocations (IG 

type) are shown in the top panel.  The breakpoints located outside of the 2156 bp BCL6 

break region in IG type translocations tend to distribute toward the telomeric side of the 

gene.  The BCL6 breakpoints in translocations involving non-IG loci (non-IG type) are 

shown in the bottom panel and tend to distribute toward the centromeric side of the 

gene.  (B) MYC breakpoints distribution.  Over 88% of MYC breakpoints in MYC-IGH 

translocations are clustered in a 4.1 kb region covering the upstream zone of MYC to its 

intron 1.  The MYC break region contains high density of CG motif.  The CG motif in 

both figures is highlighted in the red background. 

Figure S6.  Three pathways that lead to DSBs mediated by AID.  AID can deaminate 

methylcytosine in single stranded region at CG motif to form a long-lived lesion.  A 

second deamination event could occur on the opposite strand, and a 2 bp bubble 

structure is formed.  Within the small bubble (heterologous loop), the methylcytosine 

can be recognized by methyl-CpG binding domain 4 (MBD4) or thymine DNA 

glycosylase (TDG) to be converted to an abasic site, which can be further cut by APE1 

nuclease.  The structure specific nucleases inside the cells such as RAG complex and 

Artemis:DNA-PKcs complex can nick at the mismatches to create DSBs [the red arrows 



in the second line are possible nucleolytic cut sites by either Artemis:DNA-PKcs or by 

RAG1/2 (Tsai et al. 2008; Cui et al. 2013)]. 

Figure S7.  Distribution of PBX1 and HLF breakpoints.  (A) PBX1 breakpoint 

distribution.  The PBX1 breakpoints in 48 out 49 patients are randomly dispersed in its 

intron 2 with no obvious clustering.  (B) HLF breakpoint distribution.  HLF breakpoints 

in 7 out of 8 patients locate within its intron 3 with no obvious motif proximity or 

clustering. 

Figure S8.  Distribution of C-strings around the fragile zones involved in B cell 

translocations.  C-strings distribution around (A) the 175 bp MBR, 105 bp icr, and 561 

bp mcr of BCL2,  (B) the 150 bp BCL1 (CCND1) MTC,  (C) the 23 bp E2A fragile 

zone, (D) the 89 bp MALT1 fragile zone, (E) the 311 bp CRLF2 fragile zone, (F) the 

2156 bp BCL6 break region, and (G) the 4.1 kb MYC break region.  For all panels:  the 

x axis denotes each position within the 3 kb to 10 kb region around the fragile zones.  

The y axis shows the length of the C-string with the positive direction for the non-

template strand and the negative direction for the template strand (template strands are 

defined in accord with the genes for which the fragile zones are named).  Only C-strings 

with a length of four or more are shown in all the figures.  The two dashed vertical red 

lines in each figure define the boundaries of the fragile zones. 

Figure S9.  Regional features around the fragile zones of early and mature B cells.  

Regional features around BCL2 (A), BCL1(CCND1) (B), E2A (C), MALT1 (D), 

CRLF2 (E), BCL6 (F), and MYC (G) break regions.  A combination of features around 

the regions containing the fragile zones was assembled from UCSC Genome Browser to 

investigate the potential factors that could contribute to the fragility of all fragile zones 

of early B cells.  All features are from the GM12878 cell line if not specifically 

annotated below.  The coordinates of the regions from hg19 are shown at the top along 

with the scale.   

The first panel (DNA features) contains information for lncRNA, expression level in 

diffuse large B cells, mutation sites in malignant lymphomas, CpG methylation pattern 

[resulting from both reduced representation bisulfite sequencing (RRBS) and 

methylated DNA immunoprecipitation sequencing (MeDIP-Seq)], and the distribution 

of CpG islands.  A darker color for the expression level in diffuse large B cells 

represents a higher expression level.  For RRBS, the red indicates 100% of molecules 



sequenced are methylated; yellow means 50% of molecules sequenced are methylated; 

green represents 0% of molecules sequenced are methylated.  The methylation level in 

MeDIP-Seq is increased as with the increase of the darkness of the vertical bars.  CpG 

islands shown fulfill the criteria listed below: 1. GC content of 50% or greater; 2. length 

greater than 200 bp; 3. ratio greater than 0.6 of observed number of CG dinucleotides to 

the expected number on the basis of the number of Gs and Cs in the segment.  The 

increased size of the CpG island is illustrated with a darker green color. 

The second chromatin accessibility panel shows results from DNase I hypersensitivity 

assay (DNase I HS), formaldehyde-assisted isolation of regulatory elements followed by 

sequencing (FAIRE-Seq), and micrococcal nuclease digestion followed by sequencing 

(MNase-Seq).  The peaks shown in DNase I HS represents the accessible regions by 

DNase I nuclease.  The FAIRE-Seq peaks indicate regions not bound by nucleosomes 

and proteins.  The MNase-Seq method sequences DNA bound by nucleosomes and the 

peaks represent regions occupied by nucleosomes.   

The third panel shows the binding of different transcription factors (TFs).  Chromatin 

immunoprecipitation sequencing (ChIP-Seq) results for CTCF and RNA polymerase II 

(Pol II) are listed on top.  The strand-specific results of mNET-seq and TT-seq in Raji B 

cell line are illustrated at the bottom with two replicates for each assay.  Those two 

assays measure the nascent transcript and the number of RNA polymerase II within a 

sequence window which can provide information on potential RNA polymerase II 

pausing sites (Schwalb et al. 2016; Gressel et al. 2017).  The y axis is fixed between 0 

and 250 for TT-seq and between 0 and 150 for mNET-seq for the convenience of 

comparison between strand-specific tracks. 

The fourth panel shows ChIP-Seq results for different histone modifications including 

H2A.Z, H3K27ac, H3K36me3, H3K4me1, H3K4me2, H3K4me3, H4K79me2, 

H3K27me3, H3K9ac, H3K9me3, and H4K20me1.  The y-axis is in auto scale in order 

to show all existing peaks around the fragile zones. 

The fifth panel presents the results from Repli-Seq that maps the sequences of nascent 

DNA replication strands throughout the whole genome during each of the six cell cycle 

phases.  The higher replication frequency is indicated with a darker color. 

The sixth panel shows the long repetitive DNA sequences including SINE, LINE, LTR, 

etc. around the fragile zones.   



Figure S10.  Distribution of DNA repeats near the fragile zones of early B cells.  The 

DNA repeats with the length of 6 bp to 30 bp and the interspace of 0 bp to 30 bp were 

screened within regions defined by the nearest CG motif outside of each fragile zone as 

shown in Table S1.  The fragile zones are indicated in each figure by solid black circles 

aligned with the x axis.  A pair of DNA repeats is indicated by dots of matching color in 

all figures.  The circles were plotted according to the starting and ending positions and 

length of the DNA repeats.  The direct repeats are shown in solid circles and the 

inverted ones are shown in open circles.  The 323 bp region around BCL2 MBR 

contains 6 direct repeats and 2 inverted repeats (top panel in A).  The 518 bp region 

surround BCL2 icr has 4 direct repeats and 7 inverted repeats (middle panel in A).  

There are 10 direct repeats and 10 inverted repeats in the 1067 bp region surrounding 

BCL2 mcr (bottom panel in A).  The 295 bp region surrounding BCL1 MTC contains 8 

direct repeats and 1 inverted repeat (B).  Three direct repeats and 5 inverted repeats are 

found in the 236 bp region surrounding the 23 bp E2A fragile zone (C).  The 280 bp 

zone around the 89 bp MALT1 fragile region contains 2 direct repeats and 7 inverted 

repeats (D).  There are 14 direct repeats and 7 inverted repeats in the 491 bp region 

surrounding the 311 bp CRLF2 fragile zone (E).   

Figure S11.  Key factors for DNA breakage in E2A fragile zone.  (A) Factors 

contributing to the clustered E2A breakage.  The E2A intron 16 is shown as a black line 

between exon 16 and exon 17.  A 236 bp region where only the 23 bp fragile zone 

contains CG is shown as green horizontal line between the two exons.  The E2A fragile 

zone is marked by the red asterisks above the black line.  C-strings with a length of 4 

and longer are shown as vertical blue lines and annotated above the black line for the 

NTS and below the black line for the TS.  The density of C-strings in each of the three 

regions in E2A intron 16 is shown above the bracket.  The enlarged view of the 666 bp 

region with high C-string density on both strands is illustrated below intron 16 by an 

orange horizontal line.  Cytosines in AID hotspot motifs in this region are shown as thin 

vertical black lines.  Cytosines in both AID hotspot motifs and CpG sites (therefore 

WRCG) are shown in bold vertical black lines.  The two blue arrowheads on the 

sequence represent the direct DNA repeats flanking the E2A fragile zone.  The two CpG 

sites within the E2A fragile zone are both in WRCG motifs.  They are the only two 

WRCG motif that overlap with each other within the 666 bp region.  (B) Illustration of 

the WRCG sites within the 23 bp E2A fragile zone.  Sequence around the 23 bp E2A 



fragile zone is illustrated in this figure.  The E2A fragile zone is shown in red 

nucleotides with the CG motif in green.  The two WRCG sites are circled in blue boxes. 

Table S1.  Regions defined by the nearest CG motif outside of the fragile zones.  The 

distance of the nearest CG motif located upstream and downstream of each fragile zone 

is listed in the first and third column.  The size of the region defined by the nearest CpG 

sites located outside of the fragile regions are shown in the fourth column.  The 

upstream and downstream CpG sites define the length of regions for which the only CG 

motif is located within the break regions. 
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Figure S1. Mechanism of V(D)J recombination



Figure S2. Mechanism of mammalian Ig heavy locus class switch recombination
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Figure S4. Illustrations of chromosomal translocations
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aaagaagagaaaaagtaaagcgt tacaagac t t t cctcc tggaaac tataaactgaaaaaaaaat ccataaaagat taaat cctggcgggt tgtggggtggcgggggccggcggggagggggcgcggagtggagat tggctctc tgaggtggt caggggccctgtgacagct tgggact t tcagcacctggt t tggggtcat t tatctgc t caactgtcaggaccccccacccccaaaccccagccaccaacacaaccatcgtagaaggg
t t t c t tc tc t t t t tcat t tcgcaatgt tc tgaaaggaggacct t tgatat t tgac t t t t t t t t taggtat t t tc taat t taggaccgcccaacaccccaccgcccccggccgcccctcccccgcgcc tcacctctaaccgagagactccaccagt ccccgggacactgt cgaaccctgaaagtcgtggaccaaaccccagtaaatagacgagt tgacagtcctggggggtgggggt t tggggtcggtggt tgtgt tggtagcatct tccc

aacacaacacagagggt c t t t t t tcat t t t t t taaaaaat cggt t tggt tgtgt t t t tgt t t tccatgggggagc t t taaaactcat tat tgcaacactagt t ccat t t t t cgccagggt t ccaataacacggcatcataaaggcaacgcaacccacagt tc tcaagacat t taccacggtcactacatccggcagcggggtggcccctagc t cctgctgcccccccgccct t t c tccccgcccgcccccggagctcagccgat t tc tga
t tgtgt tgtgt ctcccagaaaaaagtaaaaaaat t t t t tagccaaaccaacacaaaaacaaaaggtaccccc tcgaaat t t tgagtaataacgt tgtgat caaggtaaaaagcggtcccaaggt tat tgtgccgtagtat t tccgt tgcgt tgggtgt caagagt tc tgtaaatggtgccagtgatgtaggccgtcgccccaccggggat cgaggacgacgggggggcgggaaagaggggcgggcgggggcctcgagt cggc taaagact

ggc t ccaact c tacccac tccc tccccgggccgccgccgccgcgcc t tcccccat tc t tac tccc t cgaggagagccacaggt tgcaaat ccaaccaacc t cgcaat ctat t t t tgcaaaat cact cacaaagatctccct t tcgcgcccgcgcccgc t cctcccgcgccgggtcccctcagccacggccacaaagtgccct tc tc tcct cc tgagtct tgcacataaggaacgcgggctggggc t c tgt t cgtct t t c tcc t cgcccaa
ccgaggt tgagatgggtgagggaggggcccggcggcggcggcgcggaagggggtaagaatgagggagc t cc t ctcggtgtccaacgt t taggt tggt tggagcgt tagataaaaacgt t t tagtgagtgt t tc tagagggaaagcgcgggcgcgggcgaggagggcgcggcccaggggagtcggtgccggtgt t tcacgggaagagaggaggactcagaacgtgtat tcct tgcgcccgaccccgagacaagcagaaagaggagcgggt t

ggtaaggacc t cgggaat ctgaagcc tggcgt ccactacgctcaggcccgcagt t ccc t t t t tacagagct tgcaccatgggaaaaaataaaataaaat t taggaaagggaggcaacagccat tgggagccaacacagagtcacgcagcgcccaaaatacaaacaccgcagcggccagaaatcccgccacct t tc tcgt tc tcccaggctgt cctgtcgaggt tccc tgagtccccccgcacac tgaaaggcatcgcaggtgcagtgcgc
ccat t cctggagccct tagac t tcggaccgcaggtgatgcgagtccgggcgtcaagggaaaaatgt c t cgaacgtggtaccc t t t t t tat t t tat t t taaat cc t t t ccc t ccgt tgtcggtaaccc tcggt tgtgtc t cagtgcgtcgcgggt t t tatgt t tgtggcgt cgccggtct t tagggcggtggaaagagcaagagggtccgacaggacagctccaagggactcaggggggcgtgtgac t t tccgtagcgt ccacgtcacgcg

acccc t t tcccacccaccccaagaagccc tgt cccgccat cagtc t c tc t cctcgggatgagcagggagagcgcgcggaggt tcccgac t ccc t cgactacaaccaagaaagaataat t t t caaagtgt t caacatccccgcccccaagctccccaaaacacaggggcagggaacaccaaaacactcggctc t cat taggaagatcacggc t c tgaaaggaaatagtagacacgatact tcatc t catctggat t tatgaccaaaaaaac
tggggaaagggtgggtggggt t c t tcgggacagggcggtagtcagagagaggagccc tac t cgtccc t c tcgcgcgcctccaagggctgagggagc tgatgt tggt t c t t t c t tat taaaagt t tcacaagt tgtaggggcgggggt tcgaggggt t t tgtgtccccgt ccct tgtggt t t tgtgagccgagagtaatcct tc tagtgccgagact t tcct t tatcatctgtgc tatgaagtagagtagacctaaatac tggt t t t t t tg

aaaaacaaaaacccaaagagt t cgct tgcat t t t t tcc t t ccaaat c tcggt tcggc t cgaaggcagggaat ctaaaagaccgaggccgatggaagagagccagcggggcgagcgagcgggcagcc t ccc t t t t tgcc t cccggagt tacccagaaggacaggggaagggaaggaagaagaggcgaggaaaaagaggagggagggaagcggaggccaggagcgacggagcaaggaaagcagt t tgcaagcgagaaaagagggaaaaaaca
t t t t tgt t t t tgggt t t c tcaagcgaacgtaaaaaaggaaggt t tagagccaagccgagc t tccgt ccc t tagat t t tc tggctccggc tacc t tc t c t cggt cgccccgc t cgctcgcccgtcggagggaaaaacggagggcc t caatgggt c t t cc tgtcccc t tccc t tcct tc t tc tccgctcct t t t t c tcctccctccct tcgcc t ccggtcctcgctgcc tcgt tcc t t tcgtcaaacgt tcgc tct t t tc t ccc t t t t t tgt

cagccgcacgaatccagagagatcacaagccgtacgcaagcagcagcagaaagagcgagagcgcgagcgcgcgtcc tctccgcggtctggggccagacagcccccagac tagcccgaat caccccccaagcactgtct cgtcct c tc tgctccggccgccccctaat tcccctcct tcctctcctccacctcc t t tccaaaaaccaaaacaacacaagggagggtggcaaaagcctccccaaaccggccgat tcactcaaagacaacaat
gtcggcgtgc t taggtc t ctc tagtgt tcggcatgcgt t cgtcgt cgtc t t tc t cgc t ct cgcgc t cgcgcgcaggagaggcgccagaccccggtc tgt cgggggt c tgat cgggct tagtggggggt tcgtgacagagcaggagagacgaggccggcgggggat taaggggaggaaggagaggaggtggaggaaaggt t t t tggt t t tgt tgtgt tccctcccaccgt t t tcggaggggt t tggccggc taagtgagt t tc tgt tgt ta

aataataataaatacataacaatctatat cc tatggtgggagagacgtgggactaat c t t cggcat t tat t t taacacctgacagctagaataaataaatatatacat t tatatcaatagatacacatagaaaact tggagccaaagcat t tggcaagagcggaaaaaaaaagaat taaaaggtaaaataatgatcatgagcagcggcggcggcagcggcaccagcggcaacagcggcggcggcggcagtagcagcagcagcggcg
t tat tat tat t tatgtat tgt tagatataggataccaccc tctc tgcaccc tgat tagaagccgtaaataaaat tgtggac tgtcgatc t tat t tat t tatatatgtaaatatagt tat c tatgtgtatc t t t tgaacc tcggt t tcgtaaaccgt t c t cgcct t t t t t t t tc t taat t t tccat t t tat tac tagtactcgtcgccgccgccgtcgccgtggtcgccgt tgt cgccgccgccgccgtcat cgtcgtcgtcgccgc
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ccccacctgacccccgccc tcgt tgacat ccaggcgcgatgatct c tgctgccagtagagggcacac t tac t t t act t tcgcaaacc t gaacgcgggtgctgcccagagagggggcggagggaaagacgct t tgcagcaaaat ccagcatagcgat tggt tgctccccgcgt t tgcggcaaaggcc tggaggcaggagtaa t t tgcaat cc t taaagctgaat tgtgcagtgcatcggat t tggaagctactatat t cac t taacac t tgaacgctgagc t gcaaactcaacgggtaataacccat c t tgaacagcgtacatgc tatacacgcacccc t t t cccccgaat t gt t t t c t c t t t tggaggtggtggagggagagaaaagt t tac t taaaatgcct t tgggtg
ggggtggac tgggggcgggagcaac tgtagg t ccgcgc tactagagacgacggt catct cccgtgtgaatgaaa tgaaagcg t t tggac t tgcgcccacgacgggtctc t cccccgcctccc t t tc tgcgaaacgtcgt t t taggtcgtatcgctaaccaacgaggggcgcaaacgccgt t tccggacc t ccgtcctcat t aaacgt taggaat t t cgact taacacg t cacgtagcc taaacc t t cgatgatataagtgaat tgtgaac t tgcgactcgacgt t tgagt tgcccat tat tgggtagaac t tgtcgcatgtacgatatgtgcgtggggaaagggggc t taacaaaagagaaaacc tccaccacc t ccc t ctc t t t t caaat gaat t t tacggaaacccac

agggaccaaggat gagaagaatgt t t t t tgt t t t tcatgccgtggaataacacaaaataaaaaat cccgagggaatatacat t a tat a t taaatat agatcat t tcagggagcaaacaaat catgtgtggggctgggcaactagc taagt cgaagcgtaaataaaatgtgaatacacgt t tgcgggt tacatacagtgcac t t t cactagtat tcagaaaaaat tgtgagtcagtgaactaggaaat taatgcctggaaggcagccaaat t t taat tagc t caagactcccccccccccaaaaaaaggcacggaagtaatactcc tctcc tc t tc t t t gat cagaa t cgat gcat t t t t tgtgcatgaccgcat t t ccaataataaaaggggaaagaggacctggaaagg
t ccc tggt t cctac tct t c t tacaaaaaacaaaaagtacggcacc t tat tgtgt t t tat t t t t tagggct ccc t tatatgtaa t ata t aat t tata t c tagtaaagtccc t cg t t tgt t tag tacacaccccgacccgt tgat cgat tcagct tcgcat t tat t t tacact tatgtgcaaacgcccaatgtatgtcacgtgaaagtgat cataagt c t t t t t taacac t cagt cact tgatcc t t taat tacggacc t t ccgtcggt t taaaat taatcgagt t c tgagggggggggggt t t t t t t ccgtgcct tcat tatgaggagaggagaagaaac tagtc t t agc tacgtaaaaaacacgtactggcgtaaaggt tat tat t t tcccc t t t c t cc tggacct t t cc

aat taaacgt ccggt t tgt ccggggaggaaagagt taacggt t t t t t tcacaagggtct c tgc tgac t cccccggctcggt ccacaagc t c tccac t tgcccct t t taggaag t ccggtcccgcggt tcgggtaccccc tgcccc tcccatat tc tcccgt ctagcacct t tgat t t c t cccaaacccggcagcccgagac tgt tgcaaaccggcgccacagggcgcaaaggggat t tgtct c t t c tgaaacctggc tgagaaat tgggaactccgtgtgggaggcgtgggggtgggacggtggggt acagactggcagagagcaggcaacc t ccct c t cgccc t agcccagctc tggaacaggcagacacatc t cagggctaaacagacgcct cccgcacggggcccca
t taat t tgcaggccaaacaggcccc t cc t t t c t caat tgccaaaaaaagtgt t cccagagacgac tgagggggccgagccagg t gt t cgagaggtgaacggggaaaatcc t t caggccagggcgccaagcccatgggggacggggagggtataagagggcagatcgtggaaactaaagagggt t tgggccgt cgggctctgacaacgt t tggccgcggtgtcccgcgt t t cccctaaacagagaagact t tggaccgac t ct t taaccc t tgaggcacaccc t ccgcacccccaccc tgccacccca t gt c tgaccgtctctcgt ccgt tggagggagagcggga t cgggt cgagacc t tgtccgtctgtgtagagt cccgat t tg t ctgcggagggcgtgccccggggt

cggaagcctgagcaggcggggcaggaggggcggtatc tgctgct t t ggcagcaaat tgggggac t cagtc tggg tggaaggt a t ccaa t ccagatagc tgtgcatacataatgcataataca tgactccccccaacaaatgcaatgggagt t tat tcataacgcgctctccaagtatacgtggcaatgcgt tgctgggt ta t t t taat cat tc taggcatcgt t t tcc t cct tatgcc tctat ca t tcctccctat c tacactaacat cccacgctctgaacgcgcgcccat taataccct tc t t t cc t ccactctccctgggac tct tgat caaagcgcggccc t t t ccccagcc t tagcgaggcgccctgcagcc tggtacgcgcgtggcgtggcggtgggcgcgcag
gcct t cggac tcg t ccgccccgtcc t ccccgccatagacgacgaaaccgtcgt t taaccccc tgagt cagacccacct tcca t aggt t aggtctat cgacacgtatgtat tacgtat tatgt actgaggggggt tgt t tacgt taccct caaataagtat tgcgcgagaggt tcatatgcaccgt tacgcaacgacccaat aaaat tagtaagat ccgtagcaaaaggaggaatacggagatagt aaggagggatagatgtgat tgtagggtgcgagact t gcgcgcgggtaat tatgggaagaaaggaggtgagagggaccctgagaac tagt t tcgcgccgggaaaggggtcggaatcgctccgcgggacgt cggaccatgcgcgcaccgcaccgccacccgcgcgt c

tgcgt tc tcggtg tggagggcagctgt t ccgcc tgcgatgat t tat actcacaggacaagga tgcgg t t tgtcaaacagtac t gc tacggaggagcagcagagaaagggagagggt t tgagagggagcaaaagaaaatggtaggcgcgcgtagt taat t catgcggctctc t tac t c tgt t tacat cctagagctagagtgc tcggctgcccggc t gagtctcctccccacc t tccccaccc t ccccaccctccccataagcgcccc t cccgggt tcccaaagcagagggcgtgggggaaaagaaaaaagatcctctc tcgctaatctccgcccaccggccct t t a t aatgcgagggt ctggacggctgaggacccccgagctgtgc tgc t cgcggccgccaccgccggg
acgcaagagccacacctcccgtcgacaaggcggacgc tactaaata tgagtgt cc tgt t cc t acgccaaacagt t tgtcatgacgat gcc t cctcg t cgtctct t tccc t c t cccaaactc t ccctcgt t t t c t t t taccat ccgcgcgcatcaat taagtacgccgagagaatgagacaaatgtaggat ct cgatctcacgagccgacgggccgac tcagaggagggg tggaaggggtgggaggggtgggaggggtat t cgcggggagggcccaagggt t t cgtctcccgcaccccc t t t tc t t t t t t c taggagagagcgat tagaggcgggtggccgggaaa t a t tacgctcccagacctgccgac tcctgggggc tcgacacgacgagcgccggcggtggcggccc

ccccggccgt ccc tggct cccctcc tgcc t cgagaagggcagggc t t c tcagaggc t tggcgggaaaaagaacggagggaggga t cgcgc tgagta taaaagccggt t t t cggggct t tat c taactcgctgtagtaat tccagcgagaggcagagggagcgagcgggcggccggc tagggtggaagagccgggcgagcagagc tgcgc tgcgggcgtcctgggaagggagat ccggagcgaatagggggct tcgcc t c tggcccagccc t cccgctgat cccccagccagcggt ccgcaaccct tgccgcatccacgaaact t tgcccatagcagcgggcgggcac t t tgcactggaac t tacaacacccgagcaaggacgcgac t ctcccgacgcggggaggctat t c
ggggccggcagggaccgaggggaggacggagc t ct tcccgtcccgaagagtct ccgaaccgccc t t t t tc t tgcc tccctccc t agcgcgactcat at t t tcggccaaaagccccgaaatagat tgagcgacatcat taaggt cgctct ccgtctccc t cgctcgcccgccggccgat cccacc t t c tcggcccgctcgt c t cgacgcgacgcccgcaggaccct tccc t ctaggcc t cgct tat cccccgaagcggagaccgggt cgggagggcgactagggggtcggt cgccaggcgt tgggaacggcgtaggtgct t tgaaacgggtat cgtcgcccgcccg t gaaacgtgacc t tgaatgt tgtgggctcgt t cc tgcgctgagagggctgcgcccctccgataag

tgcccat t tggggacact t ccccgccgc tgccaggacccgct tc t c tgaaaggc t c tcc t tgcagc t gct tagacgctggat t t t t t t cgggtagt ggaaaaccaggtaagcaccgaagtccact tgcct t t taat t tat t t t t t tatcact t taatgc tgagatgagtcgaatgcc taaatagggtgt c t t t tc tcccat t cc tgcgc tat tgacact t t tc tcagag tagt tatggtaac tggggctggggtggggggtaatccagaac tggatcgggg taaagtgac t tgtcaagatgggagaggagaaggcagagggaaaacgggaatggt t t t taagac t accc t t t cgagat t t c tgcc t tatgaatatat t cacgctgac tcccggccggt cggacat tcc tg
acgggtaaacccc tgtgaaggggcggcgacgg t cctgggcgaagagact t tccgagaggaacgt cgacgaatc t gcgacctaaaaaaagcccatcacc t t t tggtccat t cgt ggct tcagg tgaacggaaaat taaataaaaaaatagtgaaat tacgac tctactcagc t tacggat t tat cccacagaaaagagggtaaggacgcgataactg tgaaaagagtc t catcaataccat tgaccccgaccccaccccccat taggt c t tgacctagccccat t tcactgaacagt t c taccctct cc t c t tccgtctccct t t tgccc t taccaaaaat t c tga t gggaaagct c taaagacggaatact tatataagtgcgac t gagggccggccagcctgtaaggac

c t t tat tgtgt taat tgc t ctc tgggt t t tggggggc tgggggt tgc t t tgcggtgggcagaaagcccct tgca t cctgagc t cc t t ggagtagggaccgcatatcgcc t gtg tgagccaga t cgctccgcagccgctgact tgt ccccgtctccgggagggcat t taaat t tcggc t caccgcat t tc tgacagccggagacggacac tgcggcgcgtcccgcccgcc tgt ccccgcggcgat t ccaacccgccc tgat cct t t taagaagt tggcat t t ggc t t t t taaaaagcaataatacaat t taaaacctgggtctctagaggtgt taggacgtggtgt t gggtaggcgcaggcaggggaaaagggaggcgaggatgtgt ccgat t c t cc tggaatcgt tgac t
gaaataacacaat taacgagagacccaaaaccccccgacccccaacgaaacgccacccgt c t t t cggggaacgt aggactcgaggaacc t catccc tggcgtatagcggacacactcggtc t agcgaggcgt cggcgac tgaacaggggcagaggccc t cccgtaaat t taaagccgagtggcgtaaagactgtcggcct c tgcc tgtgacgccgcgcagggcgggcggacaggggcgccgc taaggt tgggcgggac taggaaaat t c t t caaccgtaaaccgaaaaat t t t tcgt tat tatgt taaat t t tggacccagagat ctccacaatcctgcaccacaacccat ccgcgt ccgt cccc t t t t ccctccgc t cctacacaggctaagaggacc t tagcaac tga

tggaaaaaccagggcgaat ctccgcacccagccctgac tcccctgccgcggccgccctcggg tgt cc t cgcgcccgagatgcggaggaac tgcgaggagcggggctctgggcggt tccagaacagctgctaccct tggtggggtggctccgggggaggtat cgcagcggggt ctc tggcgcagt tgcat c tccgtat tgag tgcgaagggaggtgcccctat tat tat t tgacacccccct tgta t t tatggaggggtgt taaagcccgcggctgagctcgccactccagccggcgagagaaagaagaaaagctggcaaaaggagtgt tggacgggggcggtac t gggggt ggggacgggggcggtggagagggaaggt tgggaggggctgcggt gccggcgggggtagg
acct t t t tggtcccgct tagaggcgtgggt cgggactgaggggacggcgccggcgggagcccacaggagcgcgggctctacgcc t cc t tgacgct cc t cgccccgagacccgccaaggtct t gtcgacgatgggaaccaccccaccgaggccccctccatagcgtcgccccagagaccgcgtcaacgtagaggcataact cacgc t tccc t ccacggggataataataaactgtggggggaacat aaatacctccccacaat t tcgggcgccgactcgagcggtgaggt cggccgc t c tct t tc t t c t t t t cgaccgt t t tcct cacaacctgcccccgccatgacccccacccc tgcccccgccacc t ctccc t t ccaaccctccccgacgccacggccgcccccat cc

agagcggctagggcgcgagtgggaacagccgcagcggaggggccccggcgcggagcggggt t cacgcagccgc t agcgcccaggcgcc t c t cgcc t t c t cct tcaggtggcgcaaaact t tg tgcct tggat t t tggcaaat tgt t t tcc tcaccgccacc tcccgcggct t c t taagggcgccagggccgat t tcgat t cc tc tgccgc tgcggggccgactcccgggc t t tgcgc t ccgggc t cccgggggagcgggggctcggcgggcaccaagccgc tggt tcac taagtgcgt ctccgagat agcaggggactgtccaaagggggtgaaaggg tgc tccc t t t at t cccccaccaagaccacccagccgc t t taggggatagctc t gcaaggggagaggt tcgg
t ctcgccgat cccgcgct caccct tgtcggcg t cgcc t ccccggggccgcgcc t cgccccaagtgcg t cggcga t cgcgggt ccgcggagagcggaagaggaagtccaccgcg t t t tgaaacacggaacctaaaaccgt t taacaaaaggagtggcggtggagggcgccgaagaat t cccgcggt cccggctaaagctaaggagacggcgacgccccggctgagggcccgaaacgcgaggcccgagggccccctcgcccccgagccgcccgtggt tcggcgaccaagtgat t cacgcagaggctcta t cgt cccctgacaggt t t cccccac t t tcccacgagggaaa taagggggtggt t c tggtgggtcggcgaaat cccctat cgagacgt t cccc tctccaagcc

Figure S5.  Breakpoint distribution on BCL6 and MYC genes

 

 
   

  
    

 
        

        
       

   
   

    
       

     
    

   
 
 
 

aaagaagagaaaaagtaaagcgt tacaagac t t t cc tcctggaaactataaactgaaaaaaaaat ccat aaaagat taaat cctggcgggt tgtggggtggcgggggccggcggggagggggcgcggagtggagat tggc t ctctgaggtggt caggggccctgtgacagct tgggact t tcagcacctggt t tggggtcat t tatctgctcaactgtcaggaccccccacccccaaaccccagccaccaacacaaccatcgtagaaggg
t t tc t t c tc t t t t tcat t t cgcaatgt tc tgaaaggaggacc t t tgatat t tgact t t t t t t t taggta t t t t c taat t taggaccgcccaacaccccaccgcccccggccgcccc tcccccgcgcctcacctctaaccgagagactccaccagtccccgggacactgtcgaaccctgaaagtcgtggaccaaaccccagtaaatagacgagt tgacagt cc tggggggtgggggt t tggggtcggtggt tgtgt tggtagcatct t ccc

aacacaacacagagggtc t t t t t tcat t t t t t taaaaaatcggt t tggt tgtgt t t t tgt t t t ccatgggggagct t taaaactcat tat tgcaacactagt t ccat t t t t cgccagggt tccaataacacggcat cataaaggcaacgcaacccacagt tc t caagacat t taccacggtcactacat ccggcagcggggtggcccctagctcctgctgcccccccgccct t tc tccccgcccgcccccggagct cagccgat t t c tga
t tgtgt tgtgtctcccagaaaaaagtaaaaaaat t t t t tagccaaaccaacacaaaaacaaaaggtaccccc t cgaaat t t tgagtaataacgt tgtgatcaaggtaaaaagcggt cccaaggt tat tgtgccgtagtat t tccgt tgcgt tgggtgtcaagagt tc tgtaaatggtgccagtgatgtaggccgtcgccccaccggggatcgaggacgacgggggggcgggaaagaggggcgggcgggggcctcgagtcggctaaagact

ggctccaactctacccac t ccc t ccccgggccgccgccgccgcgcct tcccccat tc t tact ccc t cgaggagagccacaggt tgcaaatccaaccaacctcgcaatctat t t t tgcaaaatcactcacaaagatc t ccc t t tcgcgcccgcgcccgctcctcccgcgccgggtcccctcagccacggccacaaagtgccct tc tc tcctcctgagtct t gcacataaggaacgcgggc tggggc tc t gt t cgtct t tc tcctcgcccaa
ccgagg t tgagatgggtgagggaggggcccggcggcggcggcgcggaagggggtaagaatgagggagc t cc t c t cggtgt ccaacgt t taggt tggt tggagcg t tagataaaaacgt t t tagtgagtgt t tc tagagggaaagcgcgggcgcgggcgaggagggcgcggcccaggggagtcggtgccggtgt t tcacgggaagagaggaggactcagaacgtgtat tcct tgcgcccgaccccgagacaagcagaaagaggagcgggt t

ggtaaggacctcgggaat c tgaagcctggcgt ccac tacgct caggcccgcagt tccct t t t tacagagc t t gcaccatgggaaaaaataaaataaaat t taggaaagggaggcaacagccat tgggagccaacacagagt cacgcagcgcccaaaatacaaacaccgcagcggccagaaatcccgccacct t tc tcgt tc tcccaggctgtcctgtcgaggt t ccc tgagtccccccgcacac tgaaaggcatcgcaggtgcagtgcgc
ccat t cc tggagccct tagact t cggaccgcaggt gatgcgagtccgggcgtcaagggaaaaatgt ct cgaacgtggtaccc t t t t t tat t t tat t t taaatcc t t tccct ccgt tgtcggtaaccctcggt tgtgt ctcagtgcgtcgcgggt t t tatgt t tgtggcgtcgccggtct t tagggcggtggaaagagcaagagggtccgacaggacagc t ccaagggactcaggggggcgtgtgact t t ccgtagcgtccacgtcacgcg

acccc t t tcccacccaccccaagaagccctgt cccgccatcagtctctc t cctcgggatgagcagggagagcgcgcggagg t tcccgactccctcgactacaaccaagaaagaataat t t tcaaagtgt tcaacat ccccgcccccaagctccccaaaacacaggggcagggaacaccaaaacac t cggc tctcat taggaagatcacggctctgaaaggaaatagtagacacgatac t tcatc t cat c tggat t tatgaccaaaaaaac
tggggaaagggtgggtggggt t c t tcgggacagggcggtagt cagagagaggagccctac tcgtccct c t cgcgcgcc t ccaagggctgagggagctgatgt tggt tc t t t c t tat taaaagt t tcacaagt tgtaggggcgggggt tcgaggggt t t tgtgt ccccgtccc t tgtggt t t tgtgagccgagagtaatcct tc tagtgccgagact t tcc t t tat catctgtgctatgaagtagagtagacctaaatactggt t t t t t tg

aaaaacaaaaacccaaagagt t cgct tgcat t t t t t cct tccaaatctcggt tcggctcgaaggcagggaat c taaaagaccgaggccgatggaagagagccagcggggcgagcgagcgggcagcctccct t t t tgcctcccggagt tacccagaaggacaggggaagggaaggaagaagaggcgaggaaaaagaggagggagggaagcggaggccaggagcgacggagcaaggaaagcagt t tgcaagcgagaaaagagggaaaaaaca
t t t t tg t t t t tgggt t tc t caagcgaacgtaaaaaaggaaggt t tagagccaagccgagc t t ccgt ccc t tagat t t t c tggctccggctacct tc tc tcggt cgccccgc t cgc t cgcccgtcggagggaaaaacggagggcctcaatgggt c t tcctgtcccct tccct t cct tc t tc tccgc t cct t t t tc tcctccctccct tcgcctccggtcc t cgc tgcc tcgt tcct t tcgtcaaacgt t cgc tct t t t c tccct t t t t tgt

cagccgcacgaatccagagagat cacaagccgtacgcaagcagcagcagaaagagcgagagcgcgagcgcgcg t cctc t ccgcggtctggggccagacagcccccagactagcccgaatcaccccccaagcactgt c tcgt cctctc tgctccggccgccccc taat tcccc t cct tcctctcct ccacc tcct t tccaaaaaccaaaacaacacaagggagggtggcaaaagcctccccaaaccggccgat tcac t caaagacaacaat
gtcggcgtgct taggtct c tc tagtgt tcggcatgcgt tcgt cgtcgtc t t tc tcgctc t cgcgc t cgcgcgcaggagaggcgccagaccccggtctgtcgggggtctgat cgggc t tagtggggggt tcgtgacagagcaggagagacgaggccggcgggggat taaggggaggaaggagaggaggtggaggaaaggt t t t tggt t t tgt tgtgt tccc t cccaccgt t t tcggaggggt t tggccggc taagtgagt t tc tgt tgt ta

aataat aataaatacataacaat ctatatcc tatggtgggagagacgtgggactaatct t cggcat t ta t t t t aacacc tgacagctagaataaataaatatat acat t tatatcaatagatacacatagaaaact tggagccaaagcat t tggcaagagcggaaaaaaaaagaat taaaaggtaaaataatgatcatgagcagcggcggcggcagcggcaccagcggcaacagcggcggcggcggcagtagcagcagcagcggcg
t tat ta t tat t tatgtat tgt tagatataggataccaccctc t c tgcaccctgat tagaagccgtaaat aaaa t tgtggac tgtcgatct tat t tat t tatata tgtaaatatagt tatctatgtgtatct t t tgaacct cggt t tcgtaaaccgt tc tcgcc t t t t t t t t t c t taat t t tccat t t tat tactagtactcgtcgccgccgccgtcgccg tggt cgccgt tgtcgccgccgccgccgt cat cgtcgt cgtcgccgc
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Figure S6. Three pathways that lead to DSBs mediated by AID. 
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Figure S7.  Breakpoints distribution on PBX1 and HLF



A.  BCL2

Figure S8.  C-string distribution around the fragile zones involved in B cell translocations
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A. BCL2

Figure S9.  Regional features around the fragile zones of early and mature B cells
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B. BCL1

Figure S9 (continued)
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C. E2A

Figure S9 (continued)
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D. MALT1

Figure S9 (continued)
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E. CRLF2

Figure S9 (continued)
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F. BCL6

Figure S9 (continued)
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Figure S9 (continued)
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Figure S10.  Distribution of DNA repeats near the fragile zones of early B cells 

C. E2A

A. BCL2

BCL1-MTC

fragile zone DR1 DR2 RR1 DR3 DR4 DR5 DR6 DR7

B. BCL1

MALT1

fragile zone RR1 RR2 RR3 RR4 DR1 RR5 DR2 RR6 RR7

D. MALT1

CRLF2

fragile zone RR1 RR2 DR1 DR2 DR3 DR4
DR5 RR3 RR4 RR5 DR6 RR6 DR7
RR7 DR8 DR9 DR10 DR11

E. CRLF2

BCL2-icr

fragile zone DR1 DR2 RR1 RR2 RR3 RR4 RR5 DR3 DR4 RR6 RR7

BCL2-mcr

fragile zone RR1 DR1 DR2 DR3 RR2 DR4
RR3 DR5 DR6 DR7 DR8 DR9 RR4
DR10 RR5 RR6 RR7 RR8 RR9 RR10



Figure S11.  Key factors for DNA breakage in E2A fragile zone  
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upstream CG 
distance in bp fragile region downstream CG distance in bp regions defined by nearest CpG

1 BCL2 175 bp MBR 147 323 bp

23 BCL2 105 bp icr 390 518 bp

116 BCL2 561 bp mcr 390 1067 bp

141 BCL1 150 bp MTC 4 295 bp

97 23 bp E2A fragile zone 116 236 bp

67 MALT1 86 bp fragile zone 124 280 bp

1 CRLF2 311 bp fragile zone 179 491 bp

120 BCL6 2156 bp fragile zone 28 2304 bp

13 MYC 4.1 kb fragile zone 8 4120 bp

Table S1. Distance of nearby CpG sites nearest to each fragile zone 


