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Molecular Pathogenesis of Diffuse Large
B-Cell Lymphoma
Akito Dobashi
Diffuse large B-cell lymphoma (DLBCL) is divided into germinal center B-like (GCB) DLBCL and activated B-like (ABC)
DLBCL. In recent years, whole genome sequencing (WGS), whole exome sequencing (WES), and transcriptome sequencing
(RNA-seq) have been performed for samples from many patients with DLBCL. Here, I present a review of the results of next
generation sequencing data for DLBCL. Somatic mutations show a low identity between studies with only 10–20% gene overlap. DLBCL is a disease that results from various molecular pathogeneses. Mutations in genes involved in chromatin remodeling were found in the GCB subtype. Mutations in members of B-cell receptor (BCR) signaling and the NF-κB pathway
(MYD88) were found in the ABC subtype. The MYD88 L265P mutation was observed in 29% of ABC DLBCL cases. EZH2
mutations were observed in 21.7% of GCB DLBCL cases. WGS indicated that inactivating mutations in GNA13 (Gα protein)
were prevalent in GCB DLBCL cases. In addition, S1PR2 is a target of aberrant somatic hypermutation. In recent years, samples from patients with relapsed and refractory DLBCL were analyzed. The activation of the NF-κB pathway is associated
with treatment resistance in DLBCL. Further clarification of the molecular pathogenesis of DLBCL is expected to lead to the
development of individualized treatment for the disease. 〔J Clin Exp Hematop 56(2):71-78, 2016〕
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can detect somatic mutations from tumor samples and normal
samples such as blood. WGS can analyze splicing site mutations, copy number, and structure mutations. In addition,
WGS can analyze allele frequency of intron and intergenic
regions. Thus, WGS allows for a higher resolution analysis
of the heterogeneity of tumors. Transcriptome sequencing
(RNA-seq) quantifies the gene expression by sequencing
RNA transcripts. RNA-seq can also produce sequencing
data that can detect mutations and fusion genes. Targeted
resequencing is a method of performing sequence analysis on
a particular region of interest. Capture and amplicon
sequencing can reduce technical error by sequencing the
same position many times and allows for the detection of
mutations in tumors with a smaller burden. WGS, WES, and
RNA-seq have been performed on DLBCL samples from
numerous patients. Sequencing has revealed single nucleotide variants (SNVs) in multiple cases.3 It has become evident that NGS data is necessary to determine the molecular
pathogenesis of individual DLBCL cases. In recent years,
analysis of samples from patients with relapsed and refractory DLBCL detected mutations associated with treatment.
Here, I present a review of the results of NGS data for
DLBCL.

INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) is the most
common form of lymphoma. DLBCL has been thought to
arise from the translocation of the IGH gene and subsequent
enhanced expression of oncogenes (BCL2, BCL6, and MYC).
In 2000, microarray analysis was performed on DLBCL samples which were divided into germinal center B-like (GCB)
DLBCL and activated B-like (ABC) DLBCL. 1 In 2004,
Hans et al.2 divided DLBCL samples into GCB and non-GC
using only immunostaining. The introduction of this criterion to clinical settings allowed for an easy form of identification of DLBCL molecular pathology. In 2005, next generation sequencing (NGS) made large outputs of DNA
sequencing data possible. Whole exome sequencing (WES)
analyzes the exon region that accounts for only 1 to 1.5% of
the human genome. WES can be performed at a reduced
cost compared to whole genome sequencing (WGS). WES
Received: January 14, 2016
Revised : February 8, 2016
Accepted: February 14, 2016

Pathology Project for Molecular Targets, The Cancer Institute, Japanese Foundation for
Cancer Research, Koto, Tokyo
Corresponding author: Dr. Akito Dobashi, Pathology Project for Molecular Targets,
The Cancer Institute, Japanese Foundation for Cancer Research, 3-8-31 Ariake,
Koto, Tokyo 135-8550, Japan
E-mail: dobashi-jik@umin.ac.jp

71

Dobashi A

systemic disease; thus, compared with solid cancers, care
should be taken to prevent contamination of normal specimens with tumor cells. Some analysis programs have
already considered this. It will require the use of a detection
program to detect tumor cells in normal specimens. Finally,
there is a problem with the analyzers, such as MuTect11 and
VarScan,12 which are used to detect cancer-causing somatic
mutations. In the default setting, MuTect has a low power in
low coverage area. VarScan detects many mutations in the
default setting, but the settings may need to be adjusted
depending on sample conditions. The adjustment of these
settings is very difficult. In addition, the number of bioinformaticians who are able to perform cancer analyses is very
small. In the papers that detected genes by WES in only a
few specimens, there is a possibility that selection bias
occurred. The analysis of a large sample size of standardized samples will allow for a picture of the molecular pathogeneses of DLBCL to come into view.
I put together a group of genes that showed recurrent
somatic mutations in DLBCL (Table 2).3 An EZH2 (histone
methyltransferase) mutation occurs in 1–22% of DLBCL
cases. Recurrent mutations were found in EZH2, MLL2,
CREBBP, and MEF2B. Mutations in these chromatin
remodeling genes are thought to cause DLBCL. The distribution of the gene mutations depends on whether the DLBCL
is GCB or ABC exclusively. Mutations in genes involved in
chromatin remodeling are typically found in the GCB subtype. Mutations in members of BCR signaling and the
NF-κB pathway (MYD88) were found in the ABC subtype.
A report from China performed WES on 23 cases of primary
DLBCL and eight cases of recurring DLBCL. DTX1 mutations were observed in 10% or more of the samples. The
author’s reported that DTX1 was involved in the activation of
NOTCH pathway.8
Khodabakhshi et al.13 analyzed regions of somatic hypermutations in 40 DLBCL cases that were already confirmed
through RNA-seq and WGS. They selected 44 areas of
somatic hypermutation from more than 46,000 areas (Table
3). They used the mutation pattern of the target and the

WGS AND WES IN DLBCL
The Cancer Genome Atlas (TCGA) (http://cancergenome.
nih.gov/), which contains 48 DLBCL tumor samples, indicated that the median somatic mutation frequency in DLBCL
is 3.3 mutations per Mb. I searched PubMed for the following search terms (“diffuse large B-cell lymphoma” OR
“DLBCL”) AND (“sequence” OR “sequencing” OR
“sequenced”). I selected representative papers as original
papers analyzing untreated DLBCL by WGS or WES. These
representative papers are shown in Table 1.3-9 WGS has been
used to sequence more than 100 DLBCL samples, and the
number of matches of gene mutations found between four
research studies have been provided in Fig. 1. 3,6 Many
somatic gene mutations differ between samples, and only
10–20% gene overlap was found between these studies.
DLBCL is a disease that results from a variety of molecular
pathogeneses. In addition, Fig. 2 4,6-9 shows the recurrent
gene mutations found in at least 15% of DLBCL cases in any
of the independent studies. The mutation rate in GCB
DLBCL was calculated using the reports previously noted.
In Fig. 2 is the same as in Fig. 1, but the mutation rate does
not match that found in each paper. Due to the diversity of
DLBCL, there remains the possibility the true mutation rate
remains unknown. However, through our reanalysis of the
published data on extranodal NK/T cell lymphoma, we have
found new frequent aberrations. 10 It may be possible to
identify new frequent genetic aberrations in DLBCL by reanalyzing the published data. Analysis of the NGS is still
developing, and a number of problems with the analysis have
been discovered. First, the sampling of tumors is an issue.
In the case of tumors surrounded by inflammatory cells, the
proportion of DNA from tumor cells and normal tissue is also
an issue. In the future, it will be necessary to standardize the
specimen by laser microdissection. Next, normal cell samples may contain a small number of tumor cells, and therefore, the detection of somatic mutation rate may be altered.
In lymphoma studies, bone marrow biopsies or peripheral
blood are often used as normal specimens. Lymphoma is a

Table 1. Whole genome sequencing (WGS), whole exome sequencing (WES), and transcriptome sequencing (RNA-seq) in diffuse large
B-cell lympoohoma (DLBCL)
Authors

WGS

WES

Morin RD, et al. Nature 2011

11 DLBCL

Morin RD, et al. Blood 2013

40 DLBCL and 13 cell lines

5

4

2 DLBCL

Zhang J, et al. Proc Natl Acac Sci U S A 20136

73 DLBCL (34 with matched normal DNA)

Lohr JG, et al. Proc Natl Acac Sci U S A 2012
de Miranda N, et al. Blood 20148

7

Pasqualucci L, et al. Nat Genet 2011

9

-

RNA-seq
96 DLBCL, 10 DLBCL cell lines
96 DLBCL

21 DLBCL cell lines

-

-

55 DLBCL

-

-

31 DLBCL

-

-

6 DLBCL

-
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region of somatic hypermutation (the percentage of mutation
in hot spot pattern WRCY (W: A or T, R: A or G, Y: C or T)
or RGYW [reverse complement]), the mutation rate of CG/
AT, and the ratio of transition and transversion. The somatic
hypermutation (SHM) indicator was then calculated from this
data. Morin et al.4 further developed Khodabakhshi et al.’s
research. They performed mutational and structural analyzes of DLBCL using WGS. They observed nonrandom
patterns of SNVs distributed across the genomes with particular enrichment near transcription start sites, an observation
that is consistent with aberrant somatic hypermutation
(aSHM). They identified the recurrence of germinal center
B-cell-restricted mutations that affected genes. An inactivating mutation in GNA13 (Gα protein) is recurrent in DLBCL
cases. In addition, S1PR2 was found to be a target of
aSHM4,13 (Table 3). S1P2 (encoded by S1PR2) can couple to
Gα proteins to regulate B-cell migration and homing.14 The
pattern of mutations affecting GNA13 typically indicated
inactivation of the protein, and confirmed that these mutations are enriched in GCB cases. 4 The researchers also
found the fusion gene TP63 by structural analysis.
TBL1XR1-TP63 was the only recurrent somatic novel gene
fusion. This fusion gene was found to function in increasing
the expression of TP63.15

Fig. 2. Somatic gene mutations determined by five independent
studies. Mutations that occur in more than 15% of the cases examined in the five whole exome sequencing studies are shown. Red
indicates the mutation ratio. Green indicates that the gene mutation
often occurs in germinal center B-like (GCB) type diffuse large
B-cell lymphoma. Blue indicates that the gene mutation occurs primarily in non-GC type diffuse large B-cell lymphoma.

Fig. 1. Somatic gene mutations found in four independent studies.
Four whole exome sequencing studies are shown in the Venn diagram. Approximately only 10-20% of the genes match between
samples.

Table 2. Recurrent somatic mutations in diffuse large B-cell lympoohoma
Genes

Morin RD, et al.5 Zhang J, et al.6 Lohr JG, et al.7 de Miranda N, et al.8 Pasqualucci L, et al.9

EZH2

26%

1%

14%

3%

6%

MLL2

28%

-

29%

6%

23%

CREBBP

15%

4%

16%

10%

18%

MEF2B

16%

3%

18%

-

8%

MYD88

10%

15%

12%

19%

8%
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Table 3. The target of somatic hypermutation
Gene names
ZFP36L1
SGK1
CIITA*
CD83
CR607557
HIST1H2AC
CXCR4
CD74
DUSP2
BCL7A*
PAX5*
BTG2
UBE2J1
PIM1*
S1PR2
TMSB4X
IRF4*
DMD
SOCS1*
DTX1
RHOH*
AK123543
MYC*
BTG1
LTB
GADD45B
BIRC3
SERPINA9
BCL6*
GRHPR
NCOA3
MALAT1
ETS1
MS4A1
TCL1A
ST6GAL1*
SPRED2
IRF8
LLT1
BCL2*
LRMP*
P2RY8
BACH2
POU2AF1

SHM indicator
     0
     0
0.0003
0.0006
0.0008
0.0009
0.0025
0.0032
0.004
0.0083
0.0114
0.0123
0.014
0.0146
0.0183
0.0201
0.0208
0.0239
0.0272
0.0294
0.0509
0.0609
0.063
0.0683
0.0794
0.1136
0.1158
0.1296
0.1389
0.1429
0.177
0.1786
0.1877
0.1944
0.2012
0.2318
0.2356
0.2448
0.2591
0.2642
0.2823
0.3182
   0.5
   0.5

Total SNVs
52
34
12
34
13
19
12
14
  9
32
10
55
  6
12
11
52
13
10
14
12
42
  8
  6
13
23
  7
21
36
179
  6
  6
11
  9
  7
17
15
11
13
10
146
13
  7
30
  7

MYD88 MUTATIONS
Mutated samples
16
5
9
8
9
9
7
8
4
14
7
18
3
7
7
17
4
3
5
8
17
5
3
9
10
6
12
7
27
5
4
7
8
4
8
8
6
9
3
11
7
3
8
6

RNA-seq was performed on four cases of DLBCL with
the ABC subtype. Sanger sequencing for MYD88 was performed for 174 cases of ABC DLBCL. The MYD88 L265P
mutation was observed in 29% of cases. This mutation is
rare in the GCB subtype and is likely a specific mutation to
the ABC subtype. MYD88 is an adapter protein, which is
involved in the Toll-like receptor or IL-1 receptor signaling
pathways. The MYD88 L265P somatic mutation is considered to contribute to the survival of the tumor by enhancing
NF-κB and JAK-STAT3 signaling.16 This mutation’s target
is the B-B loop of the TIR domain. The MYD88 L265P
mutation itself does not have a significant effect on prognosis. However, high MYD88 protein expression, which is
independent of MYD88 L265P, has an effect on tumor recurrence and disease-free survival.17
The MYD88 L265P mutation has been detected in most
cases of Waldenström’s macroglobulinemia. The MYD88
L265P mutation is used for disease discrimination and is
known as distinctive variation in Waldenström’s macroglobulinemia.18

EZH2 MUTATIONS
NGS data have reported overlapped recurrent somatic
mutations between follicular lymphoma and the DLBCL
GCB subtype. Exon15, which contains EZH2, has been analyzed for numerous DLBCL GCB subtype samples by Sanger
sequencing. EZH2 mutations were observed in 21.7% 19 of
cases. High-level expression of EZH2 (EZH2 ≥ 70%), as
detected by immunohistochemistry, was associated with good
overall survival. 20 EZH2 is a polycomb-group oncogene,
which encodes a histone-lysine N-methyltransferase. It is
the gene responsible for the trimethyl on Lys27 of histone H3
(H3K27). In the presence of EZH2 wild-type, the variant
EZH2 Y641 increases the histone H3 Lys27-specific trimethylation (H3K27me3). The increase in H3K27me3 is
believed to cause tumorigenesis, and allele-specific EZH2
inhibitors are considered to be a future treatment strategy.21
Bradley et al. found EZH2 inhibitors to affect selectively, the
turnover of trimethylated, but not monomethylated, histone
H3 Lys27 at pharmacologically relevant doses. They also
reported that these inhibitors are broadly efficacious in
DLBCL models with wild-type EZH2.22

RELAPSED AND REFRACTORY PATIENTS

This table is a modified version of Table 1 from reference 13
(Khodabakhshi et al.). GNA13 shows recurrent inactivating mutations in diffuse large B-cell lymphoma cases. GNA13 and S1PR2
function cooperatively, and PIM1 and BTG2 are high-frequency
somatic mutation targets in primary central nervous system lymphoma.30 SHM, somatic hypermutation; SNVs, single nucleotide
variants. * indicates known somatic hypermutation targets.

Jiang et al. 23 performed NGS sequencing of the VDJ
junctions of 14 relapsed DLBCL cases and exome sequencing on seven of the samples. Ultra-deep sequencing of the
rearranged IgH locus and exomes of diagnosis and relapse
tumor pairs was used to identify two different scenarios of
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clonal evolution in DLBCL. In one scenario, the relapse
clones result from the diagnosis tumor. The mutation profiles between the relapse and original tumors are very similar
and are limited to only a few different mutations. This scenario is termed ‘late-divergent’. In the other scenario, the
diagnosis and relapse tumors are from a common early progenitor cells, but evolve in parallel with a different somatic
mutation pattern. After treatment, the major clone in the
relapse tumor was present as a minor clone in the original
diagnosis tumor. This scenario is termed ‘early-divergent’.
The researchers have indicated that mutations to epigenetic
modifiers (EP300, KMT2D, and SETDB1) had occurred in
the early stage lymphoma. These genes have a possibility of
acting as driver genes of DLBCL. They also identified a frequent genetic mutation in the immune surveillance genes
B2M and CD58. The researchers suggested that immune
evasion had contributed to the lymphoma recurrence.
Morin et al. 24 used WES to analyze 38 samples from
patients who had developed relapsed or refractory DLBCL
after undergoing immunochemotherapy. Samples from
patients with relapsed DLBCL were compared with 138 samples from unrelated patients with DLBCL for mutation analysis of relapsed DLBCL. TP53, FOXO1, MLL3, CCND3,
NFKBIZ, and STAT6 mutations were found to be associated
with treatment resistance. NFKBIE and NFKBIZ mutations
were also found. These two genes are regulatory genes of
the NF-κB pathway. These genes could be new therapeutic
targets in addition to MYD88 and CD79B mutations.
Moreover, the researchers found that the STAT6 D419 mutation occurred in 36% of patients with the GCB type refractory DLBCL. This mutation increases the expression of the
phospho-STAT6 protein and STAT6 target genes via the JAK/
STAT pathway. In addition, deep sequencing was performed
on 12 biopsy samples of tumor pairs obtained from the
tumors at the original time of diagnosis and at relapse. The
presence of mutations in the relapse clones that were not
detected at the time of diagnosis was confirmed. This indicates that it may be possible that mutations in the clones
occurred during chemotherapy. These results suggest that
the relapse clones with these mutations may have derived
from a very small subpopulation in the diagnosis tumor or
may have been acquired de novo in the time between diagnosis and recurrence.
In addition, Mareschal et al.25 performed whole exome
sequencing of 14 patients with relapsed or refractory
DLBCL. In addition to well-known DLBCL mutation functions, the researchers reported that TBL1XR1 mutations and
activating mutations in IRF4 or insulin regulatory pathways
were observed. The analysis of copy number variations
indicated that short-range recurrent copy number changes
occurred in REL, CDKN2A, HYAL2, and TP53. In addition,
the researchers also found that the activation of the NF-κB
pathway is associated with treatment resistance of DLBCL.

PRIMARY LYMPHOMA OF THE CENTRAL
NERVOUS SYSTEM (CNS)
Primary CNS lymphoma (PCNSL) is defined as DLBCL
confined to the CNS. To date, research on PCNSL has been
limited. PCNSL is diagnosed by stereotactic biopsy, and,
therefore, the size of the specimen is very small. Vater et
al.26 and Bruno et al.27 each performed WES on nine PCNSL
cases. Vater et al. then validated the mutations using Sanger
sequencing of 22 PCNSL cases. Bruno et al. targeted 37
genes during the sequencing of 28 PCNSL cases. Fig. 3
presents the data of the two papers 26,27 including the genes
that were detected in three or more samples (in 18 PCNSL
samples). PIM1, IGLL5, MYD88, CD79B, MUC16,
CSMD3, MPEG1, and OSBPL10 were identified among the
most frequently mutated genes. Mutated genes are similar to
the non-GC type of DLBCL. These mutated genes are
important in the BCR, toll-like receptor, and NF-κB pathway
signaling, as well as are involved in chromatin structure and
modifications, cell-cycle regulation, and immune recognition.
A median of 22.2% of somatic SNVs matched the RGYW
motif targeted by SHM. In addition, a median of 7.9% in the
SHM was found at the hotspot position, which is thought to
play an important role in the pathogenesis of PCNSL.
Mutations in PIM1, a well-known target of aSHM (Table 3),
occurred most frequently. These studies revealed OSBPL10
as a new target of aSHM. Mutations in ODZ4 were
observed in four cases of PCNSL. Mutations in ODZ4 and
PIM1 were mutually exclusive. The ODZ4 gene is a known
risk gene for bipolar disorder as determined by a genomewide association study.28 ODZ4 encodes the teneurin transmembrane protein 4. It is highly expressed in the CNS in
oligodendrocytes and neurons.29 These findings may reveal
the reason that DLBCL occurs in CNS and suggest a link
between behavior and the progression of the disease. These
may point to interesting mechanisms of CNS tropism in
PCNSL. Recently, Fukumura et al.30 performed WES for 41
PCNSL tumor tissues and paired normal specimens and
RNA-seq for 30 PCNSL tumors. They found high frequencies of somatic mutations in PIM1 (100%), BTG2 (92.7%),
and MYD88 (85.4%). PIM1 and BTG2 are targets of aSHM
(Table 3). Their results are different from those of Vater et
al.26 and Bruno et al.27 ODZ4 and TBL1XR1 genes were not
reported by Fukumura et al.; however, Fukumura et al. suggested that the small cohort size or lack of paired normal
samples may explain the differences in the frequencies of
somatic mutations. However, other genes also exhibit different frequencies, and analytical methods, diagnosis, and racial
differences are likely to have caused these differences.

DLBCL, LEG-TYPE (DLBCL-LT)
Primary cutaneous large B-cell lymphoma, leg type is an
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aggressive cutaneous lymphoma. It is a lymphoma typically
seen in the elderly. In nodal ABC DLBCL, aberrant expression of members of the NF-κB pathway is considered an etiology. Therefore, A20, CD79B, CARD11, and MYD88 were
investigated in 10 cases of DLBCL-LT. Mutations were
observed in CD79B, MYD88, and CARD11. The somatic
MYD88 L265P mutation in DLBCL-LT is also reported to
occur at a high rate of 4/10.31 A comprehensive analysis has
not been done on DLBCL-LT, but additional analysis is
expected.

lncRNAs are considered to have a lymphoma maintenance
function. These are considered to be future therapeutic
targets.

CONCLUSION
I have summarized the NGS data to present the molecular
pathogenesis of DLBCL. NGS techniques have been
advanced in recent years, and sequencing has been performed
on more samples. This has allowed for consistent reports of
high frequency gene mutations. However, in the many specimens, the main gene mutations have not yet been found. In
addition, profiling mutations by race and region may indicate
differences. In particular, no de novo DLBCL sequence data
have been reported for Japanese patients, and further studies
are needed to obtain these data. Currently, we are still in the
developmental stage of analytical methods for NGS. If
accumulated samples could be analyzed using standardized
analysis methods, this method could provide an overview of
DLBCL molecular pathology using NGS data. Additionally,
more studies are now underway to elucidate the molecular
pathogenesis of DLBCL. Further clarification of the molecular pathogenesis of DLBCL is expected to lead to the development of individualized treatment for the disease.

LONG NON-CODING RNAS (LNCRNAS)
Gene expression analysis has compared DLBCL to normal B cells. Many studies have analyzed well known and
annotated genes in DLBCL. Verma et al.32 performed a systematic analysis to uncover novel unannotated long non-coding RNAs (lncRNAs) in DLBCL. They performed analysis
of novel lncRNAs from the polyadenylated transcriptome of
116 primary DLBCL samples. The analysis was done using
a de novo assembly pipeline. The researchers identified
2,632 novel lncRNAs, 2/3 of which were not found in normal
B cells. More than one-third of lncRNAs are a differentially
expressed in the ABC and GCB types of DLBCL. The
researchers found that novel lncRNA potentially hold regulatory functions in DLBCL. They compared the novel
lncRNA and H3K4me3 ChIP-seq data in cell lines. 33 The
novel lncRNAs and ChIP-seq peak showed many overlaps.
In addition, the group identified highly co-expressed proteincoding genes for at least 88% of the novel lncRNAs. These
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Fig. 3. Genes have mutations found in at least 3/18 primary central nervous system lymphoma (PCNSL) cases. Figure obtained by combining
data from with Vater et al.26 and Bruno et al.27 Each study performed whole exome sequencing on nine PCNSL cases. I counted genes excluding registered dbSNPs or 1,000 genomes mutations from Supplementary Table 3 of reference 26 and Supplementary Table 1 of reference 27. I
selected genes that three or more samples have mutations. PIM1, IGLL5, MYD88, CD79B, MUC16, CSMD3, MPEG1, and OSBPL10 were
identified among the most frequently mutated genes.

76

Molecular pathogenesis of DLBCL

16 Ngo VN, Young RM, Schmitz R, Jhavar S, Xiao W, et al.:
Oncogenically active MYD88 mutations in human lymphoma.
Nature 470:115-119, 2011
17 Choi JW, Kim Y, Lee JH, Kim YS: MYD88 expression and
L265P mutation in diffuse large B-cell lymphoma. Hum Pathol
44:1375-1381, 2013
18 Treon SP, Xu L, Yang G, Zhou Y, Liu X, et al.: MYD88 L265P
somatic mutation in Waldenström’s macroglobulinemia. N Engl
J Med 367:826-833, 2012
19 Morin RD, Johnson NA, Severson TM, Mungall AJ, An J, et al.:
Somatic mutations altering EZH2 (Tyr641) in follicular and diffuse large B-cell lymphomas of germinal-center origin. Nat
Genet 42:181-185, 2010
20 Lee HJ, Shin DH, Kim KB, Shin N, Park WY, et al.: Polycomb
protein EZH2 expression in diffuse large B-cell lymphoma is
associated with better prognosis in patients treated with rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone. Leuk Lymphoma 55:2056-2063, 2014
21 Yap DB, Chu J, Berg T, Schapira M, Cheng SW, et al.: Somatic
mutations at EZH2 Y641 act dominantly through a mechanism
of selectively altered PRC2 catalytic activity, to increase H3K27
trimethylation. Blood 117:2451-2459, 2011
22 Bradley WD, Arora S, Busby J, Balasubramanian S, Gehling
VS, et al.: EZH2 inhibitor efficacy in non-Hodgkin’s lymphoma
does not require suppression of H3K27 monomethylation.
Chem Biol 21:1463-1475, 2014
23 Jiang Y, Redmond D, Nie K, Eng KW, Clozel T, et al.: Deep
sequencing reveals clonal evolution patterns and mutation
events associated with relapse in B-cell lymphomas. Genome
Biol 15:432, 2014
24 Morin RD, Assouline SE, Alcaide M, Mohajeri A, Johnston RL,
et al.: Genetic landscapes of relapsed and refractory diffuse
large B cell lymphomas. Clin Cancer Res 22:2290-2300, 2016
25 Mareschal S, Dubois S, Viailly PJ, Bertrand P, Bohers E, et al.:
Whole exome sequencing of relapsed/refractory patients
expands the repertoire of somatic mutations in diffuse large
B-cell lymphoma. Genes Chromosomes Cancer 55:251-267,
2016
26 Vater I, Montesinos-Rongen M, Schlesner M, Haake A,
Purschke F, et al.: The mutational pattern of primary lymphoma
of the central nervous system determined by whole-exome
sequencing. Leukemia 29:677-685, 2015
27 Bruno A, Boisselier B, Labreche K, Marie Y, Polivka M, et al.:
Mutational analysis of primary central nervous system lymphoma. Oncotarget 5:5065-5075, 2014
28 M ü h l e i s e n T W, L e b e r M , S c h u l z e T G , S t r o h m a i e r J ,
Degenhardt F, et al.: Genome-wide association study reveals
two new risk loci for bipolar disorder. Nat Commun 5:3339,
2014
29 Kenzelmann-Broz D, Tucker RP, Leachman NT, ChiquetEhrismann R: The expression of teneurin-4 in the avian embryo:
potential roles in patterning of the limb and nervous system. Int
J Dev Biol 54:1509-1516, 2010

REFERENCES
1 Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, et al.:
Distinct types of diffuse large B-cell lymphoma identified by
gene expression profiling. Nature 403:503-511, 2000
2 Hans CP, Weisenburger DD, Greiner TC, Gascoyne RD,
Delabie J, et al.: Confirmation of the molecular classification of
diffuse large B-cell lymphoma by immunohistochemistry using
a tissue microarray. Blood 103:275-282, 2004
3 Dobashi A: Next generation sequencing and diffuse large B-cell
lymphoma (DLBCL). Nihon Rinsho 73 (Suppl 8):149-153,
2015 (in Japanese)
4 Morin RD, Mungall K, Pleasance E, Mungall AJ, Goya R, et
al.: Mutational and structural analysis of diffuse large B-cell
lymphoma using whole-genome sequencing. Blood 122:12561265, 2013
5 Morin RD, Mendez-Lago M, Mungall AJ, Goya R, Mungall
KL, et al.: Frequent mutation of histone-modifying genes in
non-Hodgkin lymphoma. Nature 476:298-303, 2011
6 Zhang J, Grubor V, Love CL, Banerjee A, Richards K, et al.:
Genetic heterogeneity of diffuse large B-cell lymphoma. Proc
Natl Acad Sci U S A 110:1398-1403, 2013
7 Lohr JG, Stojanov P, Lawrence MS, Auclair D, Chapuy B, et
al.: Discovery and prioritization of somatic mutations in diffuse
large B-cell lymphoma (DLBCL) by whole-exome sequencing.
Proc Natl Acad Sci U S A 109:3879-3884, 2012
8 de Miranda NF, Georgiou K, Chen L, Wu C, Gao Z, et al.:
Exome sequencing reveals novel mutation targets in diffuse
large B-cell lymphomas derived from Chinese patients. Blood
124:2544-2553, 2014
9 Pasqualucci L, Trifonov V, Fabbri G, Ma J, Rossi D, et al.:
Analysis of the coding genome of diffuse large B-cell lymphoma. Nat Genet 43:830-837, 2011
10 Dobashi A, Tsuyama N, Asaka R, Togashi Y, Ueda K, et al.:
Frequent BCOR aberrations in extranodal NK/T-cell lymphoma,
nasal type. Genes Chromosomes Cancer 55:460-471, 2016
11 Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D,
et al.: Sensitive detection of somatic point mutations in impure
and heterogeneous cancer samples. Nat Biotechnol 31:213-219,
2013
12 Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, et
al.: VarScan 2: somatic mutation and copy number alteration
discovery in cancer by exome sequencing. Genome Res 22:568576, 2012
13 Khodabakhshi AH, Morin RD, Fejes AP, Mungall AJ, Mungall
KL, et al.: Recurrent targets of aberrant somatic hypermutation
in lymphoma. Oncotarget 3:1308-1319, 2012
14 Cyster JG, Schwab SR: Sphingosine-1-phosphate and lymphocyte egress from lymphoid organs. Annu Rev Immunol 30:6994, 2012
15 Scott DW, Mungall KL, Ben-Neriah S, Rogic S, Morin RD, et
al.: TBL1XR1/TP63: a novel recurrent gene fusion in B-cell
non-Hodgkin lymphoma. Blood 119:4949-4952, 2012

77

Dobashi A

32 Verma A, Jiang Y, Du W, Fairchild L, Melnick A, et al.:
Transcriptome sequencing reveals thousands of novel long noncoding RNAs in B cell lymphoma. Genome Med 7:110, 2015
33 Hatzi K, Jiang Y, Huang C, Garrett-Bakelman F, Gearhart MD,
et al.: A hybrid mechanism of action for BCL6 in B cells
defined by formation of functionally distinct complexes at
enhancers and promoters. Cell Rep 4:578-588, 2013

30 Fukumura K, Kawazu M, Kojima S, Ueno T, Sai E, et al.:
Genomic characterization of primary central nervous system
lymphoma. Acta Neuropathol 131:865-875, 2016
31 Koens L, Zoutman WH, Ngarmlertsirichai P, Przybylski GK,
Grabarczyk P, et al.: Nuclear factor-κB pathway-activating gene
aberrancies in primary cutaneous large B-cell lymphoma, leg
type. J Invest Dermatol 134:290-292, 2014

78

