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Normal lymphocyte development and func-
tion relies on the successful rearrangement and 
modification of antigen receptor genes. Diversity 
of the B cell receptor is largely provided by 
V(D)J recombination where the variable (V), 
diversity (D), and joining (J) segments of the 
immunoglobulin (IG) loci are joined in a combi-
natorial manner (Jung et al., 2006). After antigen 

experience, the IG loci are further modified by 
somatic hypermutation (SHM) and class switch 
recombination (CSR). The recombination- 
activating proteins 1 and 2 (RAG1 and RAG2) 
introduce double-strand breaks (DSBs) at re-
combination signal sequences located around 
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DNA repair mechanisms are fundamental for B cell development, which relies on the so-
matic diversification of the immunoglobulin genes by V(D)J recombination, somatic hyper-
mutation, and class switch recombination. Their failure is postulated to promote genomic 
instability and malignant transformation in B cells. By performing targeted sequencing of 
73 key DNA repair genes in 29 B cell lymphoma samples, somatic and germline mutations 
were identified in various DNA repair pathways, mainly in diffuse large B cell lymphomas 
(DLBCLs). Mutations in mismatch repair genes (EXO1, MSH2, and MSH6) were associated 
with microsatellite instability, increased number of somatic insertions/deletions, and altered 
mutation signatures in tumors. Somatic mutations in nonhomologous end-joining (NHEJ) 
genes (DCLRE1C/ARTEMIS, PRKDC/DNA-PKcs, XRCC5/KU80, and XRCC6/KU70) were identi-
fied in four DLBCL tumors and cytogenetic analyses revealed that translocations involving 
the immunoglobulin-heavy chain locus occurred exclusively in NHEJ-mutated samples. The 
novel mutation targets, CHEK2 and PARP1, were further screened in expanded DLBCL 
cohorts, and somatic as well as novel and rare germline mutations were identified in 8 and 
5% of analyzed tumors, respectively. By correlating defects in a subset of DNA damage 
response and repair genes with genomic instability events in tumors, we propose that these 
genes play a role in DLBCL lymphomagenesis.

© 2013 de Miranda et al.  This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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associated, with IG gene diversification processes in a set of 
mature B cell lymphomas, with a focus on DLBCL. The de-
fects in a subset of DDR and repair genes identified here, and 
their association with genomic instability phenotypes, sup-
port their role in the tumorigenesis of DLBCL.

RESULTS
Performance of target enrichment and SOLiD sequencing
73 DDR and repair genes (from this point forward referred to 
as DNA repair genes), belonging to the DDR, BER, nucleotide 
excision repair (NER), MMR, NHEJ, Fanconi anemia (FA), 
and homologous recombination (HR) pathways (Table S1), 
were selectively sequenced in 29 mature B cell lymphomas, 
including 22 DLBCLs, 5 FLs, 2 Burkitt lymphomas (BLs), and 
their respective paired blood samples. As a positive control, the 
TNFAIP3 gene, encoding a known tumor suppressor (A20) 
in DLBCL (Compagno et al., 2009), was also analyzed in 
these samples. Target enrichment was accomplished by the 
Selector technology and samples were sequenced with the 
SOLiD platform. More than 106 SOLiD short-reads were 
generated per sample with >90% of reads being specific for 
the defined regions of interest (ROI; Table S2). Mean se-
quencing depth was >200×, with >84 and 90% of the ROI 
being covered by at least 10 and 5 SOLiD sequencing reads, 
respectively (Table S2). Validation of the sequencing proce-
dure and variant calling methods were performed by process-
ing a HapMap sample (NA19240) in parallel with the clinical 
samples. A concordance of 99.6% was achieved in the 499 
heterozygous positions covered by our Selector design in the 
HapMap sample.

Detection of somatic and germline mutations  
in DNA repair genes
To detect germline as well as somatic mutations, sequences 
from both normal and tumor samples were compared with 
the human genome reference (hg18), and subsequently, minor 
allele frequencies (MAFs) at heterozygous positions were 
compared between tumor and normal pairs. Filtering of 
known polymorphisms was performed against dbSNP132 
and variant novelty verified with dbSNP137. By combining 
both analysis and removing overlapping results, 442 single 
nucleotide variants (SNVs) were identified across all samples. 
Approximately half of these variants passed visual inspection, 
which allowed the elimination of false positive results derived 
from library preparation, sequencing, and/or alignment artifacts 
(Fig. S1). Such artifacts were normally located toward the end 
of the sequencing reads or were variants supported by iden
tical sequencing reads. 124 heterozygous SNVs resulted in 
nonsynonymous amino acid changes that included novel 
germline and somatic mutations as well as rare germline vari-
ants with an MAF below 0.01 (Fig. S1). All novel germline 
and somatic mutations and rare variants were validated by 
Sanger sequencing and are presented in Table S3. Detection 
of indels proved to be difficult, and an alternative alignment 
of SOLiD short-reads was produced with BFAST that allowed 
the identification of four somatic deletions in four different 

the V, D, and J genes during V(D)J recombination, whereas  
activation-induced cytidine deaminase (AID) initiates SHM 
and CSR by deaminating cytosines to uracils at the V and 
switch (S) regions of the IG loci (Jung et al., 2006; Di Noia 
and Neuberger, 2007).

A myriad of DNA damage response (DDR) and repair 
proteins mediate and regulate IG diversification processes. 
AID activity provokes guanosine/uracil mismatches that are 
processed by proteins of the base-excision repair (BER) path-
way (UNG, APEX1) and mismatch repair (MMR) pathway 
(MSH2/MSH6, MLH1/PMS2, and EXO1; Di Noia and 
Neuberger, 2007; Stavnezer et al., 2010). While in the context 
of CSR such mismatches lead to the generation of DNA 
DSBs, during SHM, AID activity preferentially results in the 
establishment of point mutations, although small duplications 
and deletions may also occur. The resolution of DSBs in V(D)J 
recombination and CSR is primarily mediated by the non-
homologous end-joining (NHEJ) pathway that becomes acti-
vated by DDR proteins such as ATM and Nibrin (NBN; 
Kotnis et al., 2009). The x-ray repair cross-complementing 
proteins 4 (XRCC4), XRCC5 (Ku80), and XRCC6 (Ku70) 
and DNA ligase 4, Artemis, DNA-PKcs, and Cernunnos (XLF) 
proteins are considered to be the core members of NHEJ 
(Lieber, 2010).

Most B cell neoplasms are thought to originate from  
antigen-experienced B cells, as tumor cells display SHM at the 
IG V genes (Klein and Dalla-Favera, 2008). Furthermore, a 
role for IG diversification mechanisms in the propagation of 
genomic instability in mature B cell lymphomas is supported 
by numerous observations. Non-IG genes, including proto-
oncogenes such as MYC, BCL6, PIM1, RHOH, or PAX5 are 
often targeted by SHM, especially in diffuse large B cell lym-
phomas (DLBCLs; Pasqualucci et al., 2001), one of the most 
common and aggressive mature B cell lymphoma subtypes. 
Chromosomal translocations involving the IG loci, with break
points in S regions and SHM targets, are also a hallmark of 
mature B cell lymphomas (Küppers and Dalla-Favera, 2001; 
Lenz et al., 2007). Furthermore, AID has been shown to be 
essential for the occurrence of c-myc/IgH translocations and 
oncogene-driven induction of germinal center–derived lym-
phomas in mice (Ramiro et al., 2004; Pasqualucci et al., 2008). 
Of note, the t(14;18) translocation, involving the IGH and  
the BCL2 loci, characteristic of follicular lymphomas (FLs), is 
considered to be derived from defective V(D)J recombination 
processes (Küppers and Dalla-Favera, 2001).

Despite the crucial role of DDR and repair proteins dur-
ing antibody diversification processes, there is lack of evidence 
that supports their direct involvement in the propagation of 
genomic instability in human B cell lymphomas. In contrast, 
individuals with biallelic germline mutations in some of 
the DNA repair genes that encode proteins involved in IG  
diversification processes often display an increased risk for  
development of lymphoid malignancies in addition to immuno
deficiency (de Miranda et al., 2011). In this study, we sys-
tematically analyzed the coding regions of key DDR and 
repair genes that have been associated, or could potentially be 
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and EXO1 which were represented by <20% of sequencing 
reads (Table 1). The low percentage of sequencing reads that 
supported the deletions at the DCLRE1C and PARP1 genes 
probably resulted from the problematic alignment of SOLiD 
reads with deletions of five or more nucleotides. Nevertheless, 
these deletions were readily validated by Sanger sequencing 
and are likely to be present in dominant tumor cell clones in 
a heterozygous state.

The mean frequency of nonsynonymous, somatic muta-
tions in DNA repair genes was 4.16 mutations/Mb of target 
sequence (protein coding). To compare the mutation frequen-
cies in DNA repair genes with the ones found in the entire 
coding genome (exome), we performed exome sequencing 
in 17 out of the 22 DLBCL cases that underwent Selector/
SOLiD sequencing. Although biases could arise from the use 
of different techniques, the somatic mutations in DNA repair 
genes discovered by exome sequencing largely overlapped 
with the ones detected by Selector/SOLiD and translated 
into a mutation frequency of 4.21 mutations/Mb. This fre-
quency was similar to the ones determined for the entire cod-
ing genome (3.15 mutations/Mb, 20,930 genes) and for 
specific groups of genes such as kinases (3.71 mutations/Mb, 
507 genes) or transcription factor genes (3.44 mutations/Mb, 
1,645 genes). Of note, the latter gene groups encompass fre-
quent mutation targets in DLBCL such as PIM1 (kinase) or 
BCL6 and TP53 (transcription factors). After excluding mu-
tations in the classical tumor suppressor TP53, the somatic 
mutation frequency in DNA repair genes detected by exome 
was reduced (3.01 mutations/Mb) but remained comparable 
to the ones derived from the entire coding genome and other 
gene groups.

genes across three independent tumors. All nonsynonymous 
somatic mutations were detected exclusively in DLBCL cases 
(Table S3). No somatic mutations were found in FL and BL 
samples despite comparable sequencing performances.

DNA repair pathways targeted by mutations in DLBCL
19 somatic mutations were discovered by SOLiD sequenc-
ing, distributed in 10 DLBCL tumors (Table 1 and Table S3). 
These were more frequent in DDR factors, including the 
classical tumor suppressor genes ATM and TP53, and the 
CHEK2 and PARP1 genes that are novel mutation targets  
in DLBCL. Recurrent alterations in MMR genes (EXO1, 
MSH2, and MSH6) and members of the NHEJ pathway 
(DCLRE1C/ARTEMIS, PRKDC/DNA-PKcs, XRCC5/
KU80, and XRCC6/KU70) were also observed (Fig. 1 and 
Table 1). Additionally, two somatic mutations were found 
in BRCA2 (HR pathway) and one mutation in the DDB1 
(NER pathway) and TNFAIP3 genes (Table 1). To the best of 
our knowledge, and as observed for CHEK2 and PARP1, 
nonsynonymous somatic mutations in DCLRE1C, EXO1, and 
XRCC5 have not been previously reported in DLBCL. The 
somatic mutations discovered in the DCLRE1C, PARP1, 
XRCC6, and TNFAIP3 genes were frameshift deletions, whereas 
the remaining somatic mutations led to amino acid substitu-
tions (Table 1). The SIFT and Polyphen-2 prediction tools 
provided a discordant functional prediction for five missense 
mutations (Table 1), which may be due to the use of different 
algorithms and sequence alignments (Hicks et al., 2011).

Based on the percentage of sequencing reads, the majority 
of somatic mutations were considered to be present in domi-
nant tumor cell clones, except for the ones targeting ATM 

Table 1.  Somatic mutations discovered by targeted SOLiD sequencing

Gene Base change AA change Percentage of sequencing reads SIFT Polyphen

%
ATM c.3616T>G p.L1206V 10 Tolerated Benign
ATM c.3646T>C p.Y1216H 12 Tolerated Damaging (probably)
BRCA2 c.2546T>C p.V849A 33 Tolerated Benign
BRCA2 c.9966G>T p.M3322I 36 Tolerated Damaging (probably)
CHEK2 c.1007A>T p.Q336L 54 Damaging Benign
DCLRE1C c.1628_1632delTAACA p.(I543Rfs*12) 10 - -
DDB1 c.26C>G p.A9G 86 Damaging Damaging (possibly)
EXO1 c.1412A>G p.K471R 18 Tolerated Benign
MSH2 c.1618A>G p.S540G 20 Tolerated Benign
MSH2 c.2497C>G p.L833V 50 Damaging Benign
MSH6 c.1628A>G p.K543R 29 Damaging Benign
PARP1 c.1910_1922delinsGTT p.(K637Sfs*13) 18 - -
PRKDC c.10252T>C p.F3418L 31 Damaging Damaging (probably)
TNFAIP3 c.1877_1878delTG p.(C627Ffs*44) 20 - -
TP53 c.400T>G p.F134V 47 Damaging Damaging (probably)
TP53 c.817C>T p.R273C 67 Damaging Damaging (probably)
TP53 c.818G>A p.R273H 38 Damaging Damaging (probably)
XRCC5 c.847A>G p.T283A 29 Damaging Damaging (probably)
XRCC6 c.800delT p.(I267Kfs*2) 28 - -
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were rare in HR and FA proteins, several germline mutations 
were identified in these pathways. Alterations in genes func-
tionally related to the DDR pathway were also common. One 
DLBCL and two FL patients carried novel germline mutations 
in the MDC1 gene that encodes a core DDR protein. 21 rare 
variants (with MAF < 0.01) were identified in 17 mature B cell 
lymphoma patients. Of note, four patients (three DLBCL and 
one FL) carried rare nonsynonymous substitutions in the gene 
encoding TP53BP1, another essential DDR protein (Table S3).

19 mature B cell lymphoma patients carried novel non-
synonymous germline mutations in different DNA repair 
genes (Table S3). These were more frequent in members of the 
MMR pathway (Fig. 1). Three mutations were identified in the 
MSH3 gene, whereas two mutations were detected in the MLH3 
gene in four DLBCL patients (Table S3). Furthermore, nonsyn-
onymous germline mutations in MSH6, PMS1, and PMS2 were 
also identified in DLBCL patients, whereas one FL patient car-
ried a novel mutation in MSH2. Although somatic mutations 

Figure 1.  DNA repair pathways affected by somatic 
and novel germline mutations in DLBCL. Somatic and 
novel germline mutations together were most frequent 
in MMR genes, followed by general DDR genes and NHEJ 
genes. To a lower extent, mutations were detected in FA, 
HR, BER, and NER pathways. The “Other” category refers 
to the p.R335W mutation in the DNTT gene, which en-
codes for a protein involved in the addition of nucleo-
tides at junctions of rearranged IGH and TCR gene 
segments during V(D)J recombination. The percentage of 
DLBCL tumors affected by somatic or novel germline 
mutations in different DNA repair pathways is displayed. 
Mutations were discovered by SOLiD and validated by 
Sanger sequencing.

Table 2.  Summary of variations discovered in CHEK2 in an expanded DLBCL cohort (n = 235)

DNA Protein Novel/SNP Mutated 
tumors

Somatic/germline Ethnic 
origin

MAF 
controls‡

MAF 1000 
genomes§

SIFT Polyphen

c.319+2T>A - Novel 1/171 ND Swedish 0 0 - -
c.876dupT p.D293X Novel 1/171 Somatic Swedish 0 0 - -
c.1007A>T p.Q336L Novel 1/64 Somatic Chinese 0 0 Damaging Damaging 

(possibly)
c.1091T>C p.I364T Novel 1/171 ND Swedish 0 0 Damaging Damaging 

(probably)
c.7C>T p.R3W rs199708878 1/171 Germline Swedish 0 0 Damaging Damaging 

(probably)
c.349A>G p.R117G rs28909982 1/171 ND Swedish 0 0 Damaging Damaging 

(probably)
c.444+1G>A - Reported 1/171 Germline Swedish 0 0 - -
c.1312G>T p.D438Y rs200050883 2/164 ND Swedish 0 0 Damaging Damaging 

(probably)
c.1582G>A p.E528K rs138040612 1/64 Germline Chinese 0 0 Tolerated Damaging 

(possibly)
c.470T>C p.I157T rs17879961 3/171 Germline (1) Swedish 0.008 0.007 Tolerated Damaging 

(possibly)
c.538C>T p.R180C rs77130927 1/171 ND Swedish 0.006 0.001 Damaging Damaging 

(possibly)
c.1100delC p.T367Mfs*15 Reported 3/163 ND Swedish 0.006 0 - -
c.1111C>T p.H371Y Reported 2/64 Somatic/germline Chinese 0.004 0 Damaging Benign

The expanded DLBCL cohort was comprised of 171 Swedish and 64 Chinese cases. Population-specific MAFs for MAF controls were calculated by typing 1,030 Swedish or 429 
Chinese controls, with an exception for p.D438Y, p.E528K, and c.1100delC variants, which were screened by Sanger in 703, 361, and 345 controls, respectively. For MAF, data 
from 1,000 genomes were available for 379 European and 197 Chinese controls. ND, not determined. (1), germline origin was confirmed in one patient.
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including p.E528K, were specific for the patient cohort, as 
they were not identified in large groups of controls (Table 2). 
Of these, the c.444+1G>A splice site mutation has been 
previously reported to lead to aberrant splicing of CHEK2 
transcripts, whereas the p.R117G and p.D438Y substitu-
tions were shown to have deleterious effects on the function 
of CHEK2 (Sodha et al., 2006; Bell et al., 2007). Four other 
rare variants were found in both tumor and control samples, 
including a c.1100delC deletion and a p.I157T substitution 
(Table 2) that was previously shown to have a damaging  
effect on protein function (Falck et al., 2001). Sequencing of 
the entire coding regions of the CHEK2 gene was also per-
formed in 90 samples derived from healthy blood donors, 
where the p.R180C and p.I157T substitutions, previously 
identified by genotyping, were the only variants found  
in one and two samples, respectively. Thus, the discovery of 
novel mutations or certain rare variations was restricted to 
the DLBCL patient group, further suggesting their associa-
tion with the disease.

Screening of mutation targets  
in expanded cohorts of DLBCL tumors
Six mutated genes discovered by SOLiD sequencing were  
selected for further investigation in an extended cohort of 
DLBCL tumors. These include CHEK2, PARP1, DDB1, and 
XRCC5, which were novel mutation targets for DLBCL, and 
MSH2 and MLH3, which were recurrently affected by so-
matic and/or germline mutations, respectively.

The CHEK2 gene was Sanger sequenced in a total of 
235 DLBCL samples, including the 22 DLBCL samples that 
underwent targeted SOLiD sequencing. In addition to the 
p.Q336L somatic mutation and the p.E528K germline vari-
ant, identified by SOLiD, 11 novel mutations and previously 
reported rare variants were detected, distributed in 17 tu-
mors that did not undergo SOLID sequencing (Table 2). 
The novel mutations identified in CHEK2 included a so-
matic frameshift insertion (p.D293X), a splice-site mutation 
(c.319+2T>A), and a missense mutation (p.I364T) located 
in the kinase domain of CHEK2 (Table 2). Five rare variants, 

Table 3.  Summary of variations discovered in PARP1, MSH2, DDB1, DCLRE1C, MLH3, and XRCC5 after sequencing of expanded 
DLBCL cohorts

Gene DNA Protein Method Novel/SNP Somatic/ 
germline

Ethnic 
origin

MAF 1,000 
genomes‡

SIFT Polyphen

PARP1 c.1897A>T p.K633X Sanger Novel Somatic Chinese 0 - -
c.1910_1922delinsGTT p.(K637Sfs*13) Selector & 

Sanger
Novel Somatic Chinese 0 - -

c.2326A>G p.S776G Selector & 
Sanger

Novel Germline Chinese 0 Damaging Damaging (possibly)

c.2756T>C p.I919T Sanger Novel ND Chinese 0 Damaging Damaging (possibly)
c.2789A>G p.Y930C Sanger rs189410139 ND Chinese 0.003 Damaging Damaging (probably)
c.3037C>A p.L1013M Sanger rs138906127 ND Swedish 0.001 Tolerated Damaging (possibly)

MSH2 c.1316C>T p.P439L Sanger Novel ND Chinese 0 Damaging Damaging (probably)
c.1619A>G p.S540G Selector & 

Sanger
Novel Somatic Chinese 0 Tolerated Benign

c.2498C>G p.L833V Selector & 
Sanger

Novel Somatic Chinese 0 Damaging Benign

c.505A>G p.I169V Sanger rs63750716 ND Chinese 0 Tolerated Benign
DDB1 c.26C>G p.A9G Selector Novel Somatic Chinese 0 Damaging Damaging (probably)

c.2375_2376dupTT p.(I793Lfs*75) 454 amplicon Novel ND Chinese 0 - -
c.3360G>A p.M1120I 454 amplicon Novel ND Swedish 0 Tolerated Benign

DCLRE1C c.536G>A p.R179Q 454 amplicon rs150854849 ND Swedish 0 Damaging Damaging (probably)
c.1628_1632delTAACA p.(I543Rfs*12) Selector Novel Somatic Chinese 0 - -

MLH3 c.119G>A p.C40Y Selector Novel Germline Chinese 0 Damaging Damaging (probably)
c.365A>G p.K122R 454 amplicon Novel ND Chinese 0 Damaging Damaging (probably)
c.2221G>T p.V741I 454 amplicon rs28756990 ND Swedish 0.004 Tolerated Damaging (possibly)
c.2837C>T p.S946F Selector rs201441389 Germline Chinese 0.003 Tolerated Damaging (possibly)
c.2964C>G p.I988M Selector Novel Germline Chinese 0 Damaging Benign
c.3331C>T p.L1111F Selector Novel Germline Chinese 0 Damaging Damaging (probably)

XRCC5 c.847A>G p.T283A Selector Novel Somatic Chinese 0 Damaging Damaging (probably)
c.1046C>A p.S349Y 454 amplicon Novel Germline Chinese 0 Damaging Damaging (probably)
c.1522A>G p.I508V 454 amplicon rs2287558 ND Swedish 0.003 Tolerated Benign

For expanded DLBCL cohort, PARP1 and MSH2 genes were analyzed in 130 (95 Chinese and 35 Swedish) and 94 (59 Chinese and 35 Swedish) DLBCL samples, respectively, 
whereas DDB1, DCLRE1C, MLH3, and XRCC5 genes were sequenced in 48 (25 Chinese and 23 Swedish) DLBCL samples. MAF 1,000 genomes data were available for 379 
European and 197 Chinese controls. ND, not determined.
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a novel missense mutation (p.P439L) and a rare variant  
(p.I169V; Table 3).

The screening of DCLRE1C, DDB1, MLH3, and XRCC5 
genes in 48 DLBCL samples that did not undergo SOLiD  
sequencing was performed in a high-throughput manner by 
combining all PCR reactions in a microfluidic PCR array 
followed by 454 GS FLX Titanium sequencing. Two novel 
mutations were identified in the DDB1 gene, in two different 
tumors, including a frameshift, truncating mutation in DDB1 
(Table 3). The MLH3 and XRCC5 genes also presented one 
novel mutation each in two additional samples (Table 3). Finally, 
rare missense variants were identified in DCLRE1C, MLH3, 
and XRCC5 in three tumors, respectively. The MLH3 missense 
rare variant (p.V741I) was previously shown to segregate with 
disease in an endometrial cancer family (Liu et al., 2003).

Sanger sequencing of the PARP1 gene in 130 DLBCL 
samples, including the tumors that underwent SOLiD se-
quencing, allowed the discovery of two additional novel 
nonsynonymous mutations: a STOP-gain mutation located 
upstream of the catalytic domain of the PARP1 protein 
(p.K633X) and a p.I919T substitution located in the cata-
lytic domain of PARP1 (Table 3). Two rare variants (p.Y930C 
and p.L1013M) were also identified in two different tumors. 
Overall, variations in the PARP1 gene were identified in 
5% of samples analyzed.

The MSH2 gene was also Sanger sequenced in 94 DLBCL 
tumors, including the samples that underwent SOLiD se-
quencing. In addition to the two somatic mutations (p.S540G 
and p.L833V) discovered by the latter approach, another two 
nonsynonymous variants were found in two tumor samples:  

Figure 2.  Allelic imbalance at PARP1, EXO1, MDC1, and RPA1 loci in DLBCL samples and association with PARP1 expression. (A) Allelic im-
balance events detected by SOLiD were validated by the use of polymorphic markers and fragment analysis in 22 DLBCL samples. Six additional samples 
that did not undergo SOLiD sequencing were also investigated. Some markers were not informative, because of either germline homozygosity or MSI in 
the tumor samples. Markers displaying allelic imbalance were analyzed in two independent experiments. (B) Expression of PARP1 and EXO1 was deter-
mined by quantitative real-time PCR in samples with and without allelic imbalance at the respective loci. Medians are depicted and the statistical differ-
ence between groups was assessed with the Mann-Whitney test (**, P < 0.01). Two independent experiments were performed and a representative 
experiment is shown.
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differences in terms of gene expression were observed for the 
other loci, indicating that allelic imbalance did not correlate with 
gene copy numbers or that the loss of one allele could be com-
pensated at the transcriptional level (Guidi et al., 2004).

Microsatellite instability (MSI) and mutation profiles  
in MMR-mutated DLBCL
To investigate whether defects in MMR genes translated into 
a particular form of genetic instability, MSI analysis was per-
formed in 28 DLBCL cases for which paired normal samples 
were available, including the 22 DLBCL cases that under-
went targeted sequencing. Two mononucleotide (BAT-25 
and BAT-26) and two dinucleotide (D10S197 and D2S123) 
microsatellite markers were used (Fig. 3 A). Instability in one 
or two markers was detected in five DLBCL samples and was 
almost exclusively restricted to dinucleotide markers. No-
tably, all samples that displayed instability of microsatellites 
possessed at least one alteration in an MMR gene (Fig. 3 B). 
They included the tumor samples DL-30 and DL-48, where 
somatic mutations in MSH6, MSH2, and EXO1 genes were 
discovered by SOLiD sequencing, and one sample (DL-42) 
derived from a DLBCL patient that carried a novel germ-
line mutation in MSH3. Two additional samples (DL-29 and 
DL-57) that displayed instability at microsatellites markers did 
not undergo the current sequencing approach, but have been 
analyzed by whole-exome sequencing–presented somatic 
mutations in PMS1 (p.R847K) and MLH1 (p.A223D), re-
spectively. The DLBCL sample with a p.P439L mutation in 
MSH2 was analyzed with Promega’s MSI analysis system due 
to the lack of paired normal DNA and presented instability of 
one (NR-21) out of the five mononucleotide markers.

Detection of allelic imbalance at DNA repair genes loci
Chromosomal alterations could be detected from the data 
generated by the targeted deep sequencing of DNA repair 
genes. For that purpose we compared allelic ratios at germline 
heterozygous SNVs, between tumor and normal samples. The 
EXO1 locus was found to be affected by allelic imbalance in 
six DLBCL tumors, whereas allelic imbalance at the PARP1 
and RPA1 loci was detected in three DLBCL samples. The 
TP53BP1, ERCC6, and ATR genes were affected in two 
samples each and other loci were affected in single DLBCL 
samples, including the MDC1 locus.

The allelic imbalance results obtained from SOLiD se-
quencing were validated by making use of polymorphic 
markers located around the EXO1, PARP1, MDC1, and 
RPA1 loci, and the analysis was extended to a total of 28 
DLBCL samples. The majority of results obtained from SOLiD 
could be confirmed by the employment of polymorphic 
markers except for one case: EXO1 in DL-40 (Fig. 2 A).  
Furthermore, this approach allowed the identification of  
additional samples affected by allelic imbalance that were not 
detected by SOLiD data analysis (Fig. 2 A). This can be ex-
plained by the fact that the detection of allelic imbalance by 
the latter required the presence of at least two germline het-
erozygous SNVs at different loci, which was not always ob-
served. In total, allelic imbalance at RPA1, EXO1, MDC1, 
and PARP1 was detected in 25, 21, 18, and 14% of samples, 
respectively. We subsequently assessed the expression of RPA1, 
EXO1, MDC1, and PARP1 and found that the expression of the 
latter was significantly lower in tumors presenting allelic imbal-
ance (Fig. 2 B). This association might reflect the loss of PARP1 
copy number in samples with allelic imbalance. No significant 

Figure 3.  MSI and mutation profiles in MMR-mutated DLBCL. (A) Fragment analysis was performed with microsatellite markers in 28 DLBCL tu-
mors. (B) MSI detection in five DLBCL cases with mutations in MMR genes. MSI detection was confirmed by one independent experiment. (C) The median 
of the total number of somatic mutations in the coding genome (exome) was higher in MMR-mutated DLBCL tumors that displayed MSI than in MSS 
tumors. (D) This difference was significant when looking specifically at the number of somatic indels detected by exome sequencing. (E and F) C:G→A:T 
transversions were significantly enriched in MMR-mutated DLBCL samples displaying MSI. The statistical difference between groups was assessed with 
the Mann-Whitney test (*, P < 0.05).
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break-apart probes in 13 DLBCL cases for which tissue sec-
tions were available, including 3 NHEJ mutants (DL-43, 
XRCC5; DL-48, DCLRE1C; DL-53, XRCC6). A split signal 
affecting one of the IGH loci was detected in 2 out of the 13 
DLBCL cases that were investigated by FISH (Fig. 4 A). This 
abnormality was found in approximately half of the nuclei 
analyzed in each tumor. Remarkably, the two cases where the 
IGH locus was rearranged carried somatic mutations in NHEJ 
genes: DL-43 (XRCC5 mutant) and DL-48 (DCLRE1C 
mutant). No chromosomal breakage at the IGH locus was 
detected in the 10 DLBCL samples that contained unmutated 
NHEJ genes. In spite of the small sample size, the occurrence 
of IGH translocations was significantly different between 
NHEJ mutants and nonmutants as determined by Fisher’s 
exact test (P = 0.04). The DL-43 and DL-48 samples also dis-
played chromosomal breakage at the BCL6 locus (Fig. 4 B) 
but no rearrangement of IGH together with BCL2 or rear-
rangement of the MYC locus (Fig. 4, C and D). We therefore 
concluded that BCL6 was the most likely translocation part-
ner of IGH in these tumors. Disruption of the BCL6 locus, 
without concurrent rearrangement of the IGH locus, was de-
tected in the microsatellite unstable DLBCL DL-42 that carried 
a somatic mutation in TP53 and a novel germline mutation 
in MSH3.

DISCUSSION
By performing targeted screening of 73 DNA repair genes in 
a cohort of mature B cell lymphomas, we discovered somatic 
alterations in several novel and/or potentially functional im-
portant mutation targets in DLBCL, including CHEK2, 
PARP1, DDB1, and several NHEJ genes (DLRE1C, PRKDC, 
XRCC5, and XRCC6), as well as MMR genes (MSH2, MSH6, 
and EXO1). Although the somatic mutation frequency in the 
73 DNA repair gene group was not significantly higher than 

To investigate whether defects in MMR genes were  
associated to the mutational load or mutation signatures  
in DLBCL, whole exome sequencing data were analyzed in 
the five DLBCL cases in which MSI was detected, in four-
teen microsatellite stable (MSS) DLBCL tumors, and in the 
respective paired blood samples. The total number of somatic 
mutations detected by exome sequencing was higher in 
MMR-mutated cases displaying instability of microsatellite 
markers than in MSS tumors, not reaching but rather close  
to statistical significance (Mann-Whitney P = 0.05, Fig. 3 C). 
Interestingly, the number of indels was significantly higher  
in cases with MSI than in MSS tumors (Mann-Whitney P = 
0.02, Fig. 3 D). This observation suggests that MMR defects 
in these tumors not only translate into MSI in noncoding re-
gions but also in the occurrence of insertions and deletions 
within protein-coding exons. Notably, three out of the four 
deletions identified by targeted sequencing of DNA repair 
genes occurred in MMR-mutated DLBCL samples display-
ing MSI. We further investigated whether MMR deficiency 
was associated with different mutation signatures by compar-
ing the type of mutations observed in MMR-mutated cases 
displaying MSI with the ones in MSS tumors. Although C:
G→T:A transitions were dominant in both groups (Fig. 3 E), 
MSI-positive DLBCL tumors were significantly enriched 
with C:G→A:T transversions (Fig. 3 F).

Defects in NHEJ genes and chromosomal  
translocations in DLBCL
Somatic mutations in NHEJ genes were detected in 4 out of 
the 22 DLBCL cases that underwent targeted sequencing of 
DNA repair genes. We further investigated whether muta-
tions in NHEJ genes were associated with genomic instability 
affecting the IGH locus. To this end, we performed fluorescent 
in situ hybridization (FISH) with IGH and BCL6 dual-color 

Figure 4.  FISH analysis in DLBCL tumors. The integrity of the IGH and BCL6 loci was assessed by FISH in 13 DLBCL tumors that underwent targeted 
sequencing of DDR and repair genes. Results from DL43 are depicted. (A) Rearrangement of one IGH locus was detected in two DLBCL cases (DL43 and 
DL48), both of which carried a mutation in a NHEJ gene (green, IGHV probe; red, IGH 3 flanking probe). (B) Rearrangement of one BCL6 locus was de-
tected in three tumors, including the two cases that displayed disruption of the IGH locus (green, BCL6 3 flanking probe; red, BCL6 5 flanking probe).  
(C and D) Both cases that displayed concurrent rearrangement of the IGH and BCL6 loci were investigated with an IGH/BCL2 dual fusion translocation 
probe and a MYC break-apart probe to determine the translocation partner of IGH. No fusion signal between IGH and BCL2 probes (C) or rearrangement 
of the MYC locus (D) was observed, thus supporting BCL6 as the most likely translocation partner of IGH in those tumors. The three signals detected by 
the IGH probe (green) of the IGH/BCL2 probe set (C) are consistent with the IGH rearrangement observed using the break-apart probe. Within each ex-
periment, at least 100 intact, nonoverlapping nuclei were scored for each probe, and representative results are depicted.
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that it preferentially joins DSBs arising within the same 
chromosome (Boboila et al., 2010). The joining of inter
chromosomal breaks is thought to be instead mediated by a  
microhomology-based alternative end-joining (A-EJ) pathway 
(Boboila et al., 2012). Somatic defects in C-NHEJ compo-
nents, which would provide a genetic basis for the occurrence 
of IG-associated translocations, have been rarely reported  
in human lymphomas. We previously described a somatic  
heterozygous mutation in the NHEJ1 gene, encoding the 
Cernunnos/XLF protein in a DLBCL tumor (Du et al., 2012).  
This tumor sample presented concurrent translocations of 
BCL2 and MYC with both IGH alleles, suggesting a rela-
tion between an NHEJ defect and the occurrence of IGH- 
associated genomic instability. We provide here further support 
for an association between somatic alterations in NHEJ genes 
(DCLRE1C and XRCC5) and the occurrence of genomic 
instability events involving the IGH locus.

The NHEJ pathway, in response to DNA DSB, is highly 
dependent on general damage response mechanisms. DDR 
proteins such as ATM, TP53BP1, and NBN are known to co-
operate with NHEJ factors during V(D)J recombination and 
CSR (Kotnis et al., 2009; Lieber, 2010). In the current work, 
we discovered several novel mutations and rare variants in 
DDR genes, including CHEK2 and PARP1, which are novel 
mutation targets in DLBCL. Certain germline variants in 
CHEK2 are known to confer susceptibility to cancer, particu-
larly of breast and prostate origin, whereas somatic alterations 
are rarely observed in this gene (Antoni et al., 2007). CHEK2 
is a downstream effector of ATM and responsible for convey-
ing DDR signals to substrates involved in cell cycle progres-
sion and apoptosis such as the TP53 tumor suppressor and  
the CDC25 phosphatase family (Ahn et al., 2004). Therefore, 
CHEK2 defects might foster the accumulation of DNA dam-
age during lymphomagenesis by impairing cell cycle check-
points and apoptotic responses. Interestingly, CHEK2 was 
previously shown to be activated by the DNA-PKcs and to be 
associated with the XRCC5/Ku80 and XRCC6/Ku70 pro-
teins (Li and Stern, 2005). Its potential role during the dam-
age response to DNA DSBs during V(D)J recombination and 
CSR requires further investigation.

We found the PARP1 gene to be targeted by different 
mechanisms that included mutations and allelic imbalance. 
PARP1 is involved the initial phases of DDR by accumu-
lating at sites of damage, inducing chromatin remodeling 
and attracting DNA repair factors through the synthesis of 
poly(ADP-ribose) groups (Krishnakumar and Kraus, 2010). It 
has also been suggested to be a component of the A-EJ path-
way (Audebert et al., 2004), particularly during CSR (Robert 
et al., 2009). High PARP1 activity, in response to severe DNA 
damage, was shown to induce cell death, most likely through 
energy depletion (Krishnakumar and Kraus, 2010). The tar-
geting of PARP1 by some DLBCL tumors might, thus, 
constitute a survival adaptation to high degrees of genomic 
instability in B cells. The essential role of PARP1 in HR- 
deficient (BRCA2 deficient) cells has, however, stimulated the 
development of PARP-targeted therapies (Bryant et al., 2005). 

the ones derived from the entire coding genome or from 
other cancer gene–containing gene sets, such as kinases and 
transcription factors, altogether, somatic mutations in DNA 
repair genes affected approximately half of DLBCL cases ana-
lyzed. Furthermore, we have provided evidence that muta-
tions in subsets of these genes, especially those belonging to 
the MMR and NHEJ pathways, indeed associated with dif-
ferent forms of genetic instability in the tumors.

Mutations in MMR genes were associated with an MSI 
phenotype in DLBCL, which is a characteristic form of  
genetic instability in MMR-deficient tumors (Jiricny, 2006). 
Furthermore, these tumors displayed an overall increase of 
somatic mutations throughout the coding genome and of 
small insertions and deletions in particular. In the context  
of B cell development, the MMR system is involved in the 
mutagenic processing of mismatches introduced by AID dur-
ing SHM and CSR (Martin et al., 2003; Bardwell et al., 2004; 
Martomo et al., 2004; Di Noia and Neuberger, 2007). Out-
side the IG locus, the MMR proteins assure a high-fidelity 
postreplicative DNA repair but also protect the genome from 
the off-target activity of AID (Jiricny, 2006; Liu et al., 2008). 
The distinct roles of the MMR system in SHM and postrep-
licative repair are largely unknown but might be explained, at 
least partially, by the involvement of different polymerases 
during these processes (Di Noia and Neuberger, 2007). The 
MSI and mutator phenotypes of the MMR-mutated DLBCL 
cases presented here might derive from both postreplicative 
MMR deficiency and inefficient repair of off-target AID  
activity. Higher mutation loads in MMR-mutated tumors, as 
well as the specific increase of small insertions and deletions, 
have been previously described in human cancers such as 
colorectal (Cancer Genome Atlas Network, 2012) or gastric 
(Nagarajan et al., 2012) cancers but never in DLBCL. The  
increased observation of small insertions and deletions is par-
ticularly relevant as a result of the deleterious consequences of 
these mutations. Similarly, to the best of our knowledge, MSI 
phenotypes were not previously associated with somatic mu-
tations in MMR in DLBCL. Interestingly, we discovered that 
C:G→A:T transversions were relatively more frequent in 
MMR-mutated DLBCLs with MSI. The relative increase in 
C:G→A:T transversions, in the context of MMR deficiency, 
has been previously reported for mutL and mutS E. coli mu-
tants (Zhao and Winkler, 2000) and in Msh2 heterozygous 
mutant mice exposed to PhIP, a food-borne carcinogen 
which induces a C:G→A:T mutation signature (Zhang et al.,  
2001). The fact that MMR defects correlated with charac-
teristic mutagenic signatures supports a role for MMR in 
DLBCL lymphomagenesis.

In the current work, translocations affecting the IGH 
locus were encountered in DLBCL cases that harbored so-
matic mutations in NHEJ genes. NHEJ defects, in Trp53- 
deficient mice, strongly predispose to the development of 
pro–B cell lymphomas that harbor interchromosomal trans-
locations involving the IgH locus (Ferguson and Alt, 2001; 
Rooney et al., 2004). The role of C-NHEJ as a suppressor  
of interchromosomal translocations might relate to the fact 
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one of the major cancer drug research focuses and requires 
the comprehensive characterization of DNA repair defects  
in tumors (Curtin, 2012). Our work has provided a basis for 
developing similar therapeutic strategies for DLBCLs. The 
impact of mutations in DNA repair genes on response to 
treatment and patient prognosis should be further assessed in 
larger cohorts of patients.

MATERIALS AND METHODS
Patient materials. DNA was extracted from 29 mature B cell lymphoma 
frozen biopsies and the respective paired blood samples, collected at Sun 
Yat-Sen University Cancer Center (Guangzhou, China), to undergo targeted 
next-generation sequencing of DNA repair genes. This collection included 
22 DLBCL, of which 19 were primary and 3 relapsed (derived from different 
patients), 5 primary FL, and 2 primary BL, all derived from Chinese patients. 
None of the patients underwent chemotherapy before biopsy collection, except 
for the relapsed cases where patients had been treated with R-CHOP. The 
median age of the DLBCL patients at diagnosis was 65 yr, and the cohort 
comprised 13 females and 9 males. Seven DLBCL samples were classified as 
germinal center B cell–like (GCB), whereas 15 DLBCL samples were classified 
as non-GCB, according to the Hans algorithm (Hans et al., 2004). The tumor 
content of the DLBCL tumors was estimated to be at least 80% in all cases by 
histological evaluation. DNA was also extracted from frozen biopsies from an 
additional 250 DLBCL, collected in biobanks at Uppsala’s University Hospital 
(171 DLBCL from Swedish patients) and Sun Yat-Sen University Cancer 
Center (79 DLBCL from Chinese patients) for cohort expansion studies.  
10 additional paired blood samples were available for the extended cohort of 
Chinese DLBCL. Furthermore, DNA isolated from the peripheral blood 
from 67 Chinese DLBCL patients and 429 Chinese and 1,030 Swedish blood 
donors was used for assessing population frequencies of a selected set of  
genetic variants. DNA processed by Selector technology and SOLiD sequenc-
ing was isolated by the DNeasy Tissue and Blood kit (QIAGEN), according 
to the manufacturer’s instructions. DNA from subsets of samples composing 
the expanded cohort was extracted by different methodologies. RNA was 
extracted from 61 DLBCL cases and 8 normal lymph nodes with Trizol re-
agent (Life Technologies), according to the manufacturer’s instructions. The 
institutional review boards at the Sun Yat-Sen University Cancer Center and 
Uppsala University approved the study.

Target enrichment and high-throughput sequencing of DNA-repair 
genes. 58 genomic DNAs were enriched for the coding regions of 73 DNA 
repair genes, as well as TNFAIP3, a known DLBCL tumor suppressor (Table S1). 
The Selector method (an earlier version of the current HaloPlex from Agilent) 
was applied in the enrichment step (Johansson et al., 2011). It makes use of 
biotin-labeled Selector probes designed to contain two sequences comple-
mentary to both ends of a DNA target. Upon hybridization, probe binding 
induces circularization of target sequences that can be amplified selectively. 
800 ng of genomic DNA was fragmented through a combination of eight 
different restriction enzymatic reactions (100 ng of DNA each). After probe 
hybridization and circularization of the target sequences, this complex was 
separated from nontarget DNA by making use of streptavidin magnetic 
beads. After ligation of the circularized DNA molecules, specific amplification 
of the target sequences was achieved by a multiple displacement amplification 
reaction performed by a Phi29 DNA polymerase (TempliPhi; GE Healthcare).

To amplify the 1,158 exons that constituted the ROI, two different Se-
lector designs were attempted. Target nucleotides were covered by more than 
one selector probe to minimize the risk of hybridization failure provoked by 
nucleotide variations. In design 1, each targeted base was covered on average 
by 2.2 selector amplicons, whereas design 2 produced shorter fragments and 
allowed targeted bases to be covered on average by 3.3 selector amplicons 
(Table S2). Noncovered sequences in the ROI were mostly composed of  
repeat regions as identified by the RepeatMasker database (http://www 
.repeatmasker.org). In design 2, repetitive sequences were further avoided to 
improve sequencing efficiency at the cost of a slight reduction in the coverage 

Several clinical trials, which include B cell lymphoma pa-
tients, are currently ongoing to test the efficacy of PARP  
inhibitors as therapeutic agents (Kummar et al., 2011). The 
finding that a subset of DLBCL samples presents potentially 
loss-of-function mutations in PARP1, and/or lower expres-
sion levels of this gene supports the stratification of patients 
before the application of PARP-targeted therapies.

In addition to somatic mutations, several novel germline 
mutations were encountered in different DNA repair path-
ways, and we propose that the affected genes, especially the 
MMR genes, are good candidates for cancer susceptibility 
genes in mature B cell lymphomas. Heterozygous carriers of 
pathogenic mutations in certain MMR genes are strongly 
predisposed to colorectal but also to a variety of extracolonic 
neoplasias (Peltomäki, 2005). Although lymphomas are cur-
rently not considered to be part of the Lynch syndrome cancer 
spectrum, patients with biallelic mutations in certain MMR 
genes are predisposed to lymphomas and were sometimes 
shown to carry CSR defects (Wimmer and Etzler, 2008). Ad-
ditionally, murine models carrying germline inactivation of 
MMR genes are strongly predisposed to the development of 
both B and T cell lymphomas (de Wind et al., 1995; Edelmann 
et al., 1997; Qin et al., 1999). Screening of germline variations 
in a larger cohort of patients and functional characterization 
of these variants will be required to support our hypothesis.

Deregulation of proto-oncogene expression through mu-
tation or translocation of the BCL6, BCL2, or MYC genes, 
constitutional activation of the NF-B pathway through ge-
netic lesions in TNFAIP3, CARD11, CD79A/B, and MYD88 
genes, and epigenetic reprogramming, triggered by muta
tions in genes such as MLL2, EZH2, MEF2B, and CREBBP,  
account for some of the most frequent events in DLBCL 
(Schneider et al., 2011). These alterations constitute cancer 
driver events, as they provide tumor cells with constitutive 
survival and proliferative signals, escape from apoptosis, and 
gene expression plasticity. Theoretically, as they all result from 
alterations at the DNA level, they might be a product of inef-
ficient DNA repair mechanisms in combination with an ex-
tremely high load of DNA damage in germinal center B cells, 
derived from high proliferation rates and from SHM and 
CSR processes. Previous next-generation sequencing studies 
on DLBCL have not focused on DNA repair genes, possibly 
because of the rare observation of recurrent mutations in 
genes other than TP53 (Morin et al., 2011; Pasqualucci et al., 
2011; Lohr et al., 2012; Zhang et al., 2013). We report here al-
terations in a variety of DNA repair genes in DLBCL tumors 
and provide evidence for a driver effect of alterations in the 
MMR and NHEJ pathways. Furthermore, most of the so-
matic mutations found derived from dominant tumor clones, 
suggesting that defects in DNA repair mechanisms are important 
and may constitute early driver events in lymphomagenesis.

As tumor cells acquire deficiencies in DNA repair path-
ways they may compensate such defects by relying on other 
pathways that display, at least partially, functional redundancy. 
The targeting of compensatory pathways by therapeutic in-
tervention, according to a principle of synthetic lethality, is 
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Molecularly barcoded 454 FLX Titanium (Roche) sequencing primers (Lib-A 
emPCR kit design), containing sequences complementary to the CS1 and 
CS2 primer tails, were added to the Access array together with 50 ng of each 
DNA sample (48 in total) so that all amplicons derived from the same DNA 
sample shared the same barcode. Indexed libraries were recovered for each 
sample in a single well of the Access array and analyzed with Agilent’s 2100 
Bioanalyzer (Agilent Technologies). Thereafter, samples were pooled and 
purified by gel extraction. After emulsion, PCR (Lib-A) samples were se-
quenced by the GS FLX+ System in a full PicoTiter Plate at Macrogen Inc. 
Analysis was performed with the GS Amplicon Variant Analyzer and poten-
tial variants validated by Sanger sequencing.

Population frequencies of single nucleotide variants. A proportion of 
the germline variants discovered by next-generation sequencing, together 
with all of the CHEK2 variants, were genotyped in Swedish and Chinese 
control samples using matrix-assisted laser desorption/ionization time of 
flight mass spectrometry (MALDI-TOF; Sequenom Inc.) as previously de-
scribed (Jurinke et al., 2002). PCR assays and associated extension reactions 
were designed using the MassArray assay design 3.1 software (Sequenom 
Inc.). Primers were acquired from Metabion GmbH (Planegg-Martinsried). 
The extension products were analyzed by the MassArray Compact MALDI-
TOF mass spectrometer (Sequenom Inc.). The MassARRAY Typer 4.0 soft-
ware (Sequenom Inc.) was used to analyze the resulting mass spectra for peak 
identification. Two independent scorers confirmed all genotypes. For the 
c.1100delC, p.H371Y and p.D438Y CHEK2 variants control typing was 
performed with Sanger sequencing because of the inability to produce a  
specific assay for MALDI-TOF. As the population-specific MAFs determined 
by typing were highly concordant with the ones derived from the 1000  
Genomes (http://www.1000genomes.org/) sequencing data, the latter were 
subsequently used for determining the MAFs of all germline variants discov-
ered by next generation sequencing. MAFs were extracted from 1000  
Genomes with the aid of VCFtools (Danecek et al., 2011).

Allelic imbalance and MSI analysis. Polymorphic sequence-tagged site 
(STS) markers were used to determine the zygosity status of the EXO1, 
MDC1, PARP1, RPA1, and TP53BP1 loci. STS markers and respective 
primer sequences were retrieved from the UCSC genome browser (http://
genome.ucsc.edu/) or the Ensembl genome browser (http://www.ensembl 
.org/) and, when necessary, primers were redesigned with Primer 3. The 
mononucleotide microsatellite markers BAT-25 and BAT-26 and the dinu-
cleotide markers D2S123 and D10S197 were used for the detection of MSI. 
Forward primers were fluorescently labeled with 6-carboxyfluorescein (6-FAM) 
at their 5-end and purified by HPLC. PCR reactions were run in a total of 
15 µl, containing 0.5 U GoTaqDNA polymerase (Promega), 0.66 µM of each 
primer, 330 µM dNTPs, 10 ng DNA, and 1.5 mM MgCl2. PCR products 
were diluted appropriately and mixed in a formamide solution containing 
GeneScan 500 LIZ Size Standard (Applied Biosystems). Thereafter, samples 
were loaded in a 48-capillary 3730 DNA Analyzer and analyzed with Peak 
Scanner software version 1.0 (Applied Biosystems). For the MSH2-mutated 
samples, MSI testing was also performed using a commercial kit (Microsatellite 
Instability Multiplex System kit; Promega) according to the manufacturer’s 
instructions. In brief, genomic DNA prepared from tumor tissue was ampli-
fied by PCR in a multiplex PCR, amplifying the selected microsatellite 
markers. Microsatellite analysis was performed using an ABI3500xl (Applied 
Biosystems) with the GeneMapper 4.1 software (Applied Biosystems).

Gene expression analysis. The relative expression of the EXO1, MDC1, 
PARP1, RPA1, and TP53BP1 genes was assessed by quantitative real time PCR 
(qPCR). Furthermore, the expression levels of the housekeeping genes ACTB, 
GAPDH, and HRPT1 were determined to perform inter-sample normalization. 
Intron-spanning assays were designed with Primer 3. RNAs were processed 
with the first-strand cDNA synthesis kit (GE Healthcare) and 10-µl reactions 
were prepared with the KAPA SYBR FAST ABI Prism qPCR reagent (Kapa 
Biosystems). Samples and standard curves were run in duplicate in a 7500 Fast 
Real-Time PCR System (Applied Biosystems). Analysis was performed with the 
7500 System SDS Software, version 1.4 (Applied Biosystems).

of the ROI (Table S2). Five DLBCL and respective normal pairs were en-
riched by design 1, and the remaining samples were enriched by design 2. 
Success of enrichment of target sequences was monitored by quantitative 
PCR to measure the relative levels of several on- and off-target amplicons.

300 ng of each enrichment product was fragmented using the Covaris  
S2 system, after which the standard library construction kit for SOLiD v3  
(Applied Biosystems), for design 1, and SOLiD v4, for design 2, were used to 
barcode and prepare the samples for sequencing. Barcoded samples were 
pooled and sequenced at the Uppsala Genome Center (Uppsala, Sweden). 
Samples from design 1 were sequenced in two separate runs, each making use 
of a quarter of a sequencing slide, whereas samples derived from design 2 were 
sequenced on three quarters of sequencing slide. The SOLiD libraries from  
16 samples from design 2 were further sequenced in an additional run to in-
crease coverage and depth. A HapMap sample NA19240 was subjected to the 
same enrichment (design 1) and sequencing procedures to evaluate the meth-
od’s specificity and reproducibility. Design of selector probes and sequence li-
brary preparation were performed at Halo Genomics (Uppsala, Sweden).

Analysis of SOLiD data. SOLiD short reads were aligned with  
MosaikAligner version 1.1.0018; -hs 15, -mm 6, -ms 6, -mhp 100, and -act 
20 (Mosaik; The MarthLab) against the human reference genome (hg18). 
Alignments from samples that were sequenced twice were merged using  
MosaikMerge. The combined alignments were then exported to SAM/BAM 
format and reanalyzed by in-house software to deal with artificial insertions/
deletions provoked by “forced” alignments. Single nucleotide variants (SNVs) 
and small insertions and deletions (indels) detection were performed with 
SNPmania (in-house software). Somatic alterations were determined by 
comparing the MAF between tumor and normal at specific base positions. 
A minimum of 10 and 5 reads in either normal and tumor samples was re-
quired as well as the representation of the minor allele by at least 5% of the 
reads in the tumor sample. Additionally, variant detection against the human 
reference genome (hg18) was also performed by flagging base positions in 
which the reference allele was represented at a frequency of 0–0.8 in posi-
tions covered by at least 10 reads. To maximize mutation discovery, SOLiD 
short reads were also aligned to the hg18 reference using BFAST (Homer 
et al., 2009). SAMtools was used to extract base counts for each position (Li 
et al., 2009a). Allelic imbalance events were detected by comparing the allelic 
ratios at germline heterozygous single nucleotide variants between tumor 
and normal samples. The presence of allelic imbalance at a gene had to be 
supported by at least two heterozygous positions where the allelic ratios di-
verged significantly from the heterozygous state. Fischer’s exact test was used 
for the comparison of single nucleotide positions between tumor and normal 
samples. Functional prediction of missense mutations was performed in silico 
with SIFT and Polyphen-2 (Kumar et al., 2009; Adzhubei et al., 2010). Visual 
inspection of reads at relevant base positions was performed with the Inte-
grative Genomics Viewer (IGV) software (Robinson et al., 2011). SNP con-
cordance analysis for the HapMap sample NA19240 was performed with the 
Genome Analysis Toolkit (DePristo et al., 2011).

Sanger sequencing. Validation of variants discovered by next-generation 
sequencing, and sequencing of the CHEK2, MSH2, and PARP1 genes in 
the cohort expansion studies, were performed by Sanger sequencing. 
Specific primers were designed with Primer 3 (http://fokker.wi.mit.edu/
primer3/). PCR reactions were run in a total volume of 25 µl containing  
1 U GoTaq polymerase (Promega), 0.4 µM of forward and reverse primers, 
1.5 mM MgCl2, 200 µM dNTPs, and 10 ng DNA. PCR products were  
purified and sequenced at Macrogen Inc. or Eurofins MWG Operon.

454 amplicon sequencing. Screening of DCLRE1C, DDB1, MLH3, 
XRCC4, and XRCC5 in an expanded cohort was performed by means of 
amplicon deep sequencing. Microfluidic PCR reactions were run in a 48 × 
48 Access array system (Fluidigm) with FastStart High Fidelity PCR system 
(Roche) according to the manufacturer’s instructions. Specific primers con-
taining universal tails (CS1 and CS2) were designed to produce ampli-
cons between 300 and 350 bp at the coding regions of the genes of interest. 
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Exome sequencing. Exome sequencing was performed in 19 DLBCL tu-
mors, including 17 tumors that underwent targeted sequencing of DNA re-
pair genes and 2 additional tumors that displayed MSI. In brief, genomic 
DNA was processed into fragments between 150 and 200 bp and Illumina 
sequencing adapters were ligated to both ends of the resulting fragments. The 
adapter-ligated templates were purified by AgencourtAMPure SPRI beads 
(Beckman Coulter) and fragments with insert size of 200 bp were excised. 
Extracted DNA was amplified by ligation-mediated polymerase chain reac-
tion (LM-PCR), purified, and hybridized to the SureSelectBiotinylated  
RNA Library (BAITS; Agilent Technologies) for enrichment. Hybridized  
fragments were bound to streptavidin beads, whereas nonhybridized frag-
ments were washed out after 24 h of incubation. Captured LM-PCR prod-
ucts were then subjected to the 2100 Bioanalyzer (Agilent) to estimate the 
magnitude of enrichment. Each captured library was loaded on a Hiseq2000 
platform (Illumina), and high-throughput sequencing was performed for 
each captured library independently to ensure that each sample met the de-
sired mean fold coverage (>50×). Raw image files were processed by base 
calling software (1.7; Illumina) for base calling with default parameters and 
the sequences of each individual were generated as 90-bp paired-end reads. 
During bioinformatic analysis, the adapter sequences in the raw data were  
removed, and low-quality reads were discarded. Sequences were aligned  
to the genome with Burrows-Wheeler Aligner (BWA) from which BAM 
files were obtained (Li and Durbin, 2009). Somatic indels were detected 
with GATK (Li et al., 2009b), whereas SNVs were detected using Varscan 
(Koboldt et al., 2009). All variants underwent visual inspection. Sequencing 
and data analysis was performed at BGI (Shenzhen, China).

Detection of chromosomal translocations by FISH. Vysis LSI IGH/
BCL2 dual-color, dual-fusion translocation probe, Vysis LSI BCL6 dual-
color, break-apart rearrangement probe, Vysis LSI MYC dual-color, break-
apart rearrangement probe, and Vysis LSI IGH break-apart rearrangement 
probe were purchased from Abbott Molecular Inc. Sample processing and 
hybridization were performed according to the manufacturer’s instruction 
and, as described previously, (Ribeiro et al., 2006). Slides were counterstained 
with DAPI (Vector Laboratories), and fluorescent images were sequentially 
captured with a Cohu 4900 charge-coupled device camera coupled to an 
Axioplan fluorescence microscope (Carl Zeiss).

Statistical analysis. Statistical tests and graph construction was performed 
with Prism (version 4.00; GraphPad Software).

Online supplemental material. Table S1 shows the genes sequenced 
by Selector and SOLiD. Table S2 summarizes the Selector capture and 
SOLiD sequencing performances. Table S3 shows all somatic and germ-
line (novel and rare) mutations identified by Selector/SOLiD sequencing. 
Fig. S1 summarizes the SNV detection process from the Selector/SOLiD 
sequencing data. Online supplemental material is available at http://www 
.jem.org/cgi/content/full/jem.20122842/DC1.
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