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Abstract

Epstein-Barr virus (EBV)-positive diffuse large B-cell lymphoma (EBV+ DLBCL) is typically

an aggressive tumor in elderly patients. However, in a subset of young patients, EBV+

DLBCL follows a relatively indolent clinical course and exhibits a good response to chemo-

therapy. This lymphoma comprises polymorphous lymphoma and large cell lymphomas

subtypes, with the latter subtype showing a significantly poorer prognosis. It is unknown

whether the genetic background differs between age groups and histopathological sub-

types. To investigate the genetic basis, heterogeneity, and recurrently mutated genes in

EBV+ DLBCL, we performed whole-exome sequencing of DNA from 11 tissue samples of

this lymphoma. Sequencing revealed that the most common substitution was the transition

C>T/G>A. Genetic features—including the numbers of mutated genes in exonic region, sin-

gle-nucleotide variants (SNV), and indels—did not significantly differ between age groups or

histological subtypes. Matching with the COSMIC database revealed that the main muta-

tional signature was signature 3, which is associated with failure of DNA double-strand

break-repair by homologous recombination. Mutant-Allele Tumor Heterogeneity (MATH)

scores showed that EBV+ DLBCL exhibited broad intratumor heterogeneity, and were posi-

tively correlated with Ann Arbor Stage and�2 extranodal lesion sites. We identified 57

selected recurrently mutated genes. The most commonly mutated five genes—LNP1 (11/

11), PRSS3 (10/11), MUC3A (9/11), FADS6 (9/11), and TRAK1 (8/11)—were validated by

Sanger sequencing. These mutated genes have not previously been identified. Overall, our

present results demonstrate the tremendous genetic heterogeneity underlying EBV+

DLBCLs, and highlight the need for personalized therapeutic approaches to treating these

patients.
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Introduction

Epstein-Barr virus (EBV)–positive diffuse large B-cell lymphoma (EBV+ DLBCL, NOS) [1]

constitutes 3–11% of all DLBCLs. EBV+ DLBCL can occur in patients of any age, but elderly

and young patients typically differ with regards to preferential lesion sites, morphological fea-

tures, and prognosis. In elderly patients, EBV+ DLBCL usually exhibits an aggressive clinical

course with a median survival of 2 years or early relapse despite treatment with strong chemo-

therapy [2], while young patients typically present with nodal disease and better survival [3].

Hong et al. [4] propose that EBV+ DLBCL in young patients might be a clinically distinct dis-

ease entity from EBV+ DLBCL of the elderly, likely involving mechanisms of lymphomagen-

esis other than immunosenescence. EBV+ DLBCL comprises polymorphous lymphoma (PL)

and large cell lymphomas (LCL) subtypes, with a prominent inflammatory microenvironment

and some degree of geographic necrosis. Compared to PL, the LCL subtype shows a signifi-

cantly poorer prognosis [5].

EBV+ DLBCL is characterized by prominent classical and alternative NF-kB activation [6].

EBV latent membrane protein 1 (LMP1)-positive large tumor cells reportedly produce CCL17

and CCL12, and exhibit accumulation of CCR4-expressing cells, including regulatory T cells

[7]. Kato et al. [8] performed gene set enrichment and gene ontology analysis, and found

enrichment of the Janus kinase signal transducer and activator of transcription-related genes

(JAK/STAT) pathway and NF-kB pathways. However, few studies report genetic data. Translo-

cation analysis involving single-locus genes reveals that translocations ofMyc, BCL6, or IgH
genes are less common in EBV+ DLBCL than in EBV− DLBCL [9]. Yoon H et al. [10] analyzed

copy number alterations (CNAs) and gene profiles, and found that EBV+ DLBCL harbored

fewer genomic alterations compared to EBV− DLBCL [10]. To date, the genomic profile of

EBV+ DLBCL is poorly defined, and it is unclear whether the genetic background of this lym-

phoma differs between age groups and histopathological subtypes.

Whole-exome sequencing (WES) can be used to examine a genetic spectrum and heteroge-

neity, identify somatic mutations that contribute to lymphomagenesis, predict prognosis, and

identify novel therapeutic targets. In the present study, we performed WES of 11 cases of EBV

+ DLBCL, and further investigated mutated genes in an expanded patient series, with the aim

of elucidating the genetic heterogeneity and mutational signature of EBV+ DLBCL.

Materials and methods

Patient samples

Tissue samples were obtained from 11 patients at the time of their diagnosis with EBV+

DLBCL between 2014 and 2017. Table 1 presents the detailed clinical characteristics of the

included patients. The 11 tissue samples were evaluated, and then DNA was extracted from

formalin-fixed, paraffin-embedded (FFPE) samples.

EBV+ DLBCL was diagnosed according to the 2016 WHO classification of lymphoid neo-

plasms [1]. EBV was detected using an in situ hybridization ISH technique with the EBV ISH

kit (Leica Microsystems, Wetzlar, Germany). This study only included cases of EBV+ DLBCL

that showed nuclear positivity for the EBV-encoded small RNA (EBER) in a majority (>50%)

of neoplastic cells. We excluded EBV+ DLBCL cases in the clinical setting of known immune

deficiency.

Informed consent was obtained from the legal guardians of all participating patients before

this study, and we had access to information that could identify individual patients during/

after data collection. This study was approved by the Ethics Committee of the Institutional

Review Board at Sun Yat-sen University Foshan Hospital [File number: L (2014) NO.2].
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Whole-exome sequencing

Pathologic review of slides stained with hematoxylin and eosin revealed tumor purity ranging

from 40–90%. We extracted DNA from the 11 FFPE tissue samples using the QIAamp DNA

FFEP Tissue kit, and measured DNA concentrations using PicoGreen dsDNA Quantitation

Reagent (Invitrogen). DNA sample quality was evaluated by gel electrophoresis. From 1.5 μg

of tumor DNA, we constructed capture libraries using the Agilent SureSelect XT Human All

Exon V5 kit. The initial library concentration was detected using a Qubit 2.0 fluorometer, and

was adjusted to 1 ng/μl by dilution. The concentration was validated by quantitative polymer-

ase chain reaction (Q-PCR), to ensure a library concentration of>2 nM for sequencing. Next,

the enriched exome libraries were multiplexed and sequenced using an Illumina HiSeq PE 150

to generate 150-bp paired-end reads. Exome sequencing was performed to a sufficient depth

to achieve a minimum coverage of 15 reads in at least 80% of the coding sequence from the

UCSC hg19 transcripts database.

Table 1. Clinicobiological features of the 11 EBV+ DLBCL patients analyzed by whole-exome sequencing (WES).

NO. Age/

gender

Pathological

subtype

Lesion sites B

symptoms

Ann

Arbor

Stage

LDH

(>ULN)

β2-Microglobulin

(>ULN)

IPI

Risk

Proliferation

index (%, Ki67)

Therapy Response Status

(‡OS,

month)

1 67/F PL Multiple LN

+ tonsil + heart

septa

yes IIIB yes NA NA 70% 6�R-EPOCH PD NA

2 65/M LCL Left tonsil

+ Multiple LN

+ bone marrow

yes IV - yes high 90% 7�R-CHOP CR AWD

(19+)

3 68/F PL left cervical LN yes II NA yes NA 50% 1�CHOP PD AWD

(17+)

4 79/M LCL left cervical LN yes NA NA NA NA 50% No

treatment

NA DOD

(19)

5 55/M LCL Multiple LN yes NA NA no NA 80% NA PD AWD

(31+)

6 24/F PL left cervical LN

+ root of tongue

no II yes no low 95% 6�CHOP CR AWD

(38+)

7 28/M LCL right cervical

LN + liver

+ spleen +

humerus

+ femur

yes IVB no NA low NA 2�R-CHOP CR AWD

(87+)

8 52/M PL Bilateral inguinal

LN

no IV - no low 40% 3�R-CHOP CR AWD

(27+)

9 31/M LCL left cervical LN

+ liver + pleuro

+ peritoneum

no IIIB yes NA low 80% 4�R-CHOP PD AWD

(18+)

10 61/M LCL Right tonsil

+ LN

yes II yes yes low NA 3�R-CHOP PD DOD

(4)

11 66/M LCL left groin LN NA II NA NA NA 80% NA NA DOD

(13)

Abbreviations: EBV+ DLBCL, Epstein-Barr virus-positive diffuse large B-cell lymphoma; F, female; M, male; PL, polymorphous lymphoma; LCL, large cell lymphoma;

LN, lymphoma node; NA, not available; R-EPOCH, doxorubicin, vincristine, etoposide; PD, progressive disease; AWD, alive with disease; DOD, died of disease; CHOP,

cyclophosphamide, doxorubicin, vincristine, and prednisone; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; CR, complete

response; PD, progressive disease; IPI, International Prognostic Index; LDH, lactate dehydrogenase; ULN, upper level of normal; WES, whole-exome sequencing.

‡OS from sampling.

https://doi.org/10.1371/journal.pone.0201546.t001
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Sequencing data analysis

First, the Illumina sequencing adapters were removed from the raw reads of each sample using

the Trimmomatic program [11], which reported the longest high-quality stretch of each read.

Next, the low-quality bases were trimmed from both read ends, using the parameters LEADING:3

TRAILING:3 SLIDINGWINDOW:4:15. Reads of less than 36 bp were dropped. The remaining

clean reads were aligned to the hg19 reference genome using Novoalign software version 2.07.14

(http://www.novocraft.com) with BWA [12]. Duplicate reads having paired ends aligning to the

same start locations due to optical or PCR artifacts were removed from further analysis using

Picard (http://broadinstitute.github.io/picard/). We computed the read coverage and depth based

on the final BAM file, and the reads with over 10× depth were considered more credible. Mapped

reads with mapping quality scores of at least 20 were used as input for GATK Haplotype Caller

[13] to call genome variants. Finally, the called variants were annotated using ANNOVAR.

Matched normal samples were not available for all of the sequenced tumor samples. There-

fore, we performed extensive data filtering to remove known SNPs that are reported in data-

bases—including the 1000 Genomes Project that includes variants from various ethnic

populations, including Han Chinese. Additionally, we removed any variant that appeared in

three ANNOVAR [14] datasets, including 1000g2015aug_all, snp138, and exac03nontcga, to

identify the final tumor mutations. The SNP locus in the dbSNP database was removed, but

the alterations in the COSMIC database were kept.

Signatures and tumor heterogeneity analyses

During its lifetime, each individual tumor cell within a human body acquires a certain number

of somatic mutations. The catalog of somatic mutations from a tumor genome bears the signa-

tures of the mutational processes that have occurred during tumor development. These muta-

tions originate from a wide spectrum of both endogenous and exogenous mutational

processes that generate distinct patterns of mutations, termed mutational signatures, embed-

ded within the cell genome. DeconstructSigs [15] determines the composition of a set of muta-

tional signatures within individual tumor specimens. It can also detect mutational processes

active in only a small number of samples and investigate well-established signatures without

requiring a large sample set. Furthermore, this approach can evaluate how the activity of muta-

tional processes changes in individual tumors over time.

Given the limited number of tumor samples in this study, we used deconstructSigs to estab-

lish the contributions of individual mutational signatures to the samples. This enabled elucida-

tion of the potential contributions of mutational processes within single tumor samples,

identification of the weights of known mutational signatures across tumors, and application of

those signatures to the samples to determine the contribution of each mutational process to

each individual sample.

Tumor genetic heterogeneity is of prime interest for basic and clinical research. Malignant

clones evolve under selective pressures, particularly those imposed by therapeutic drugs. To

evaluate intratumor genetic heterogeneity, we used the Mutant-Allele Tumor Heterogeneity

(MATH) score [16], which effectively describes the spread in the data, to quantify differences

in the dispersion or spread of allele frequencies of the tumor samples. MATH scores were cal-

culated based on the distributional differences of mutant-allele frequencies among mutated

loci. The scores described the ratio of the width of the data to the center of the distribution

[MATH = 100 � median absolute deviation (MAD)/median], providing a quantitative measure

of the degree of heterogeneity in a tumor sample, with a heterogeneous tumor having a higher

score. Rajput et al. [17] modified this approach, using data from a sequencing panel (Ion

Ampliseq Comprehensive Cancer Panel) and analyzing only the tumor samples, which
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included all heterozygous variants. To compare MATH scores between tumors with high and

low heterogeneity, we used a cut-off value of 30 MATH units, based on the small number of

samples. We also used non-parametric Wilcoxon rank-sum test to analyze the influence of

MATH scores on clinical variables, such as extranodal site (�2), Ann Arbor stage, prolifera-

tion index, therapy response, and prognosis.

Sanger sequencing validation

Sanger sequencing was performed to analyze the point mutations in five genes—LNP1, PRSS3,

MUC3A, FADS6, and TRAK1—in our 11 EBV+ DLBCL samples and in an additional 16 EBV

+ DLBCL samples from other hospitals. All alterations were confirmed. PCR and sequencing

primers were designed using NCBI/Primer BLAST, and are presented in S1 Table. The result-

ing PCR products were purified using the Qiaquick PCR purification kit (Qiagen, Hilden, Ger-

many) and sequenced at Eurofins MWG Operon (Ebersberg, Germany). At least 50 ng of

DNA was PCR amplified using 2× HotStar Master Mix (Qiagen, 203443) and 300 nM of each

primer. We utilized a touchdown PCR method, with reactions incubated at 94˚C for 5 min;

followed by 35 cycles of 94˚C for 30 s, 60˚C for 30 s, and 72˚C for 30 sec; and a final extension

at 72˚C for 5 min. The amplified fragments were verified by agarose gel electrophoresis, and

purified using Agencourt Ampure XP beads according to the manufacturer’s instructions

(Beckman Coulter Genomics, A63881).

Statistical analyses

Overall survival (OS) was defined as the period between pathological diagnosis and disease-

related death. Associations between categorical variables were assessed using the non-paramet-

ric Wilcoxon rank-sum test. All P values are two-sided, with the type I error rate fixed at 0.05.

All data were analyzed using SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA).

Results

Patients characteristics

Table 1 presents the clinical characteristics of 11 patients with EBV+ DLBCL. Among these 11

patients, 5 (45%) had only lymphadenopathies without extranodal involvement, and the

remaining 6 (55%) had lymphadenopathies with extranodal lesions. The sites of extranodal

involvement included tonsil (n = 3), liver (n = 2), heart septa and spleen, humerus and femur,

root of tongue, pleuro, peritoneum, and bone marrow. Of the 11 patients, 3 were under 50

years of age, all of whom were in the International Prognosis Index (IPI) risk group L/LI.

Regarding histological subtypes, 4 cases were deemed polymorphous lymphoma (PL), and the

remaining 7 were large cell lymphoma (LCL). Most patients received rituximab, cyclophospha-

mide, doxorubicin, vincristine, and prednisone (R-CHOP) chemotherapy. Regarding progno-

sis, follow-up duration ranged from 4 to 89 months, and 3 patients died of lymphoma. Table 2

summarizes the patients’ characteristics at diagnosis of EBV+ DLBCL. The histopathological

subtype groups significantly differed in gender distribution. But there were no other significant

differences in clinical features between the age groups and histopathological subtype groups.

Mutation spectrum detected by WES in EBV+ DLBCL

Using WES, we characterized the spectrum of mutations in 11 EBV+ DLBCL cases. On aver-

age, we generated 75,134,319 high-quality reads per sample to a mean depth of 141-fold exon

coverage, with an average of 69% of bases covered per patient (range, 57–78%) (S1 Table). The

most common substitution was the transition C>T/G>A (Fig 1). The patient-specific
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mutation rate was not correlated with the frequency of any particular mutation types. Simi-

larly, the observed mutation rate was nor correlated with the average allelic fraction of those

mutations observed in each patient. Among our 11 cases, the percentage of mutations in

exonic regions ranged from 3.49%–22.68% (Fig 2A and S2 Table). We identified 3326 protein-

coding genes with somatic mutations that affected the encoded protein’s structure (nonsynon-

ymous changes, frameshifts in the coding sequence, synonymous SNVs, and mutations affect-

ing canonical splicing sites), with a median of 302 mutations per case (range, 200–410) (Fig 2B

and S2 Table). In total, we identified 57 selected distinct candidate variants in the 11 cases (Fig

2B and S3 Table). Genetic features did not significantly differ between the�50 year old and

>50 year old groups, or between the PL and LCL subtype groups (Table 3). Notably, the num-

ber of variants in all 11 EBV+ DBLCL cases was likely overestimated due to a lack of corre-

sponding germline DNA for WES. All data can be viewed in NCBI(https://www.ncbi.nlm.nih.

gov/bioproject/482899)or NODE (http://www.biosino.org/node/project/detail/OEP000144).

Single-nucleotide variants (SNVs) and indels shown by WES

Fig 3 presents an overview of our data analysis strategy. Across 11 EBV+ DLBCL samples, we

detected an average of 2428 SNVs/case (range, 1132–7379) and 1670 indels/case (range, 220–

Table 2. Patient characteristics at diagnosis of EBV+ DLBCL (11 cases).

Variables <50 years old

(n = 3)

�50 years old

(n = 8)

Polymorphous

lymphoma

subtype (n = 4)

Large cell

lymphoma subtype (n = 7)

P� P§

Years of age, median (range) 28 (24–31) 65.5 (52–79) 59.5 (24–68) 61 (28–79) 1.0000 0.0189

Sex, male/female 2/1 6/2 3/1 7/0 0.0242 1.0000

B symptoms presence, % 33% (1/3) 85.7%% (6/7) 50% (2/4) 83.3% (5/6) 0.5000 0.1833

Involved lesion site 1.0000 0.1818

Nodal, % 0% (0/3) 63%(5/8) 50% (2/4) 43% (3/7)

Nodal + Extranodal, % 100% (3/3) 38% (3/8) 50% (2/4) 57% (4/7)

Extranodal, % - - - -

IPI, % 1.0000 1.0000

L/LI, % 100% (3/3) 80% (4/5) 100% (4/4) 75% (3/4)

HI/H, % - 20% (1/5) - 25% (1/4)

Therapy 0.1901 0.3173

None - - - -

CHOP 33% (1/3) 28.6% (2/7) 50% (2/4) -

RCHOP 67% (2/3) 57% (4/7) 25% (1/4) 100% (3/3)

Other scheme - 14.3% (1/7) 25% (1/4) -

Response to therapy 1.0000 0.5238

CR, % 67% (2/3) 28.6% (2/7) 50% (2/4) 33.3% (2/6)

PR, % - - - -

PD, % 33% (1/3) 71.4% (5/7) 50% (2/4) 67.7% (4/6)

Relapse, % 33% (1/3) 71.4% (5/7) 25% (1/4) 33.3% (2/6) 1.0000 0.5238

2-year survival, % 100%(3/3) 57.1%(4/7) 100%(3/3) 42.9%(3/7) 1.0000 1.0000

Abbreviations: EBV+ DLBCL, Epstein-Barr virus-positive diffuse large B-cell lymphoma; LDH, lactate dehydrogenase; IPI, international prognostic index; L, low; LI,

low-intermediate; HI, high-intermediate; H, high; CHOP, cyclophosphamide, adriamycin, vincristine, prednisone; R-CHOP, rituximab, cyclophosphamide, adriamycin,

vincristine, prednisone; CR, complete response; PR, partial response, and PD, progressive disease. Values indicate the number of positive/tested cases.

�Polymorphous lymphoma subtype versus large cell subtype group.
§<50 years old versus�50 years old group.

https://doi.org/10.1371/journal.pone.0201546.t002
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4517) (Fig 3A and S4 Table). We focused on the somatic SNVs identified in tumor DNA (Fig

3B), finding an average of 220 somatically acquired point mutations/case (range, 126–358). Of

these, 168 (105–252) were non-synonymous and 81 (52–149) were synonymous. Thus, the

ratio of non-synonymous to synonymous SNVs was 2.08 (0.95–2.67) mutations per Mb (S4

Table). The numbers of SNVs and indels did not significantly differ between age groups or

subtype groups (S5 Table).

Signatures and intratumor clonal heterogeneity of EBV+ DLBCL

To identify the potential contributions of mutational processes within single EBV+ DLBCL

genomes, we applied the deconstructSigs method to this mutation set of 11 EBV+ DLBCL

tumors. This analysis uncovered four mutational signatures (Fig 4A): signatures 3, 5, 12, and

Fig 1. Mutation spectrum of Epstein-Barr virus (EBV)-positive diffuse large B-cell lymphoma shown by whole-exome sequencing. Frequency of substitutions in

each sample for the six possible classes of mutation. The most common substitution was the transition C>T/G>A, followed by T>C/A>G.

https://doi.org/10.1371/journal.pone.0201546.g001
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30 (http://cancer.sanger.ac.uk/cosmic). The main type was signature 3 (Fig 4A), which was

characterized by C>G, C>A, and C>T mutations, associated with failure of DNA double-

strand break repair by homologous recombination, and strongly related to elevated numbers

of large (>3 bp) insertions and deletions with overlapping microhomology at breakpoint junc-

tions. Signatures 5 and 12 were both characterized by T>C, C>T, and C>A mutations.

Although both etiologies are unknown, signature 12 has been found in liver cancer samples,

while signature 5 has been found in all cancer types and most cancer samples and exhibits a

strong transcriptional strand bias for T>C substitutions. Signature 30 was characterized by

predominant C>T mutations. Although its etiology is unknown, it has been observed in a

Fig 2. Distribution of mutations in different genome regions of Epstein-Barr virus (EBV)-positive diffuse large B-cell lymphoma detected by whole-exome

sequencing. (A) The percentages of mutations in different regions of EBV+ DLBCL cases. The percentage of mutations in exonic regions ranged from 3.49%–22.68%

among these 11 cases. (B) We identified 3326 protein-coding genes with somatic mutations affecting exonic regions, with a range from 200 to 410 per case.

https://doi.org/10.1371/journal.pone.0201546.g002

Table 3. Comparison of the numbers of mutated genes in exonic regions, and ratio to total mutations detected by WES in 11 EBV+ DLBCL cases according to age

and pathological subtype.

Groups Variables Exonic (%) Exonic/total

mean ± SD P value mean ± SD P value

Pathological subtype PL subtype (n = 4) 305.25 ± 74.33 0.925 0.07 ± 0.03 0.299

LCL subtype (n = 7) 300.71± 85.13 0.10 ± 0.07

Age <50 years old (n = 3) 320.00 ± 103.94 0.760 0.09 ± 0.03 0.475

�50 years old (n = 8) 395.75 ± 72.92 0.09 ± 0.07

Abbreviations: EBV+ DLBCL, Epstein-Barr virus-positive diffuse large B-cell lymphoma; WES, whole-exome sequencing; PL, polymorphous lymphoma; LCL, large cell

lymphoma.

Note. Values are mean ± SD. P� 0.05, non-parametric Wilcoxon rank-sum test was performed.

https://doi.org/10.1371/journal.pone.0201546.t003
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small subset of breast cancers samples. Notably, tumors 2 (Patho NO.T 503986) and 7 (Patho

NO.A634677) displayed higher values, indicating possible sampling of different subclonal pop-

ulations or significant differences in tumor heterogeneity between cases.

Modified MATH method to analyze EBV+ DLBCL heterogeneity

Using the MATH score method [16, 17], the score of mutant-allele fractions among loci will

tend to be higher for a heterogeneous tumor than a homogeneous tumor. Fig 4B (right side)

presents a bar diagram of the allele frequency distributions in each sample, with values ranging

from 0 to 100, which are positively correlated with intratumor heterogeneity. The median

allele frequency distribution values for the tumors range from 47 to 86 (Fig 4B), showing con-

siderable variation in MATH scores and indicating that this lymphoma has high heterogeneity.

The values for each case may theoretically be influenced by subclonal contributions. Analysis

of the MATH scores and the clinical variables of the EBV+ DLBCL cases revealed that the

MATH score was strongly associated with Ann Arbor tumor stage. Ann Arbor stage II tumors

had low MATH scores, while Ann Arbor stage III–IV tumors had significantly higher MATH

scores (P = 0.016) (Table 4). More advanced tumors had greater tumor heterogeneity (more

tumor subclones), which is consistent with the hypothesis that greater heterogeneity promotes

selection of chemotherapy-resistant and more aggressive clones. MATH scores were also sig-

nificantly correlated with extranodal lesion sites (�2) (P = 0.042) (Table 4), corresponding to

the relationship with Ann Arbor stage. On the other hand, MATH scores were not

Fig 3. An overview of the data analysis strategy for single-nucleotide variations (SNVs) and indels shown by whole-exome sequencing. On average, we identified

220 (range, 126–358) somatically acquired point mutations per case. Of these, an average of 168 (range, 105–252) were non-synonymous and 81 (range, 52–149) were

synonymous. Thus, the ratio of non-synonymous to synonymous was 2.08 (0.95–2.67) mutations per Mb.

https://doi.org/10.1371/journal.pone.0201546.g003
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significantly correlated with age, B symptoms, proliferation index, therapy scheme, response

to therapy, or status.

Selected variants in EBV+ DLBCL identified by WES

Among the 30 top mutated genes, 14 were mutated at a rate significantly higher than expected

by chance in at least two samples. All 11 EBV+ DLBCL cases harbored mutations in at least 1

of these 30 genes (Fig 5). Based on the total number of all mutation loci having one somatic

mutated gene in a region analyzed by WES (exonic region, intronic region, intergenic region,

UTR, and other regions), we confirmed that the top 10 most frequent mutations were in

MUC16 (10/11 cases), PRSS3 (11/11 cases),MUC19 (9/11 cases),MUC3A (10/11 cases), RLIM
(8/11 cases),HERC2 (11/11 cases), PRSS1 (10/11 cases), RPA1 (6/11 cases), BCAR3 (10/11

cases), and AMD1 (5/11 cases) (Fig 5).

The gene with the highest number of mutations,MUC16, harbored four mutation loci,

three of which were located at exon55 (NM_024690: c.G40570A:p.V13524I; c.G40552T:p.

V13518L; c.G40588A: p.G13530S), and the remaining loci was at exon 39 (c.G39074A:p.

G13025E). All of these mutations were nonsynonymous SNVs. The gene with the second high-

est number of mutations, PRSS3, showed a frameshift deletion/insertion at exon 3, with four

mutation loci. The total mutation numbers of these genes were not related to age or pathologi-

cal subtype (data not shown).

Regarding the frequency of the same mutation locus of one gene of a coding region among

all tested samples, LNP1mutation (chromosome 3, exon3:c.194_195ins and p.H65del) was the

Fig 4. Signatures of mutational processes and intratumor clonal heterogeneity of EBV+ DLBCL cases. The DeconstructSigs method was applied, which uncovered

four mutational signatures (Fig 4A), including signatures 3, 5, 12, and 30. Among these signatures, signature 3 was the main type. MATH scores were used to evaluate

intratumor clonal heterogeneity (Fig 4B), revealing allele frequency distribution values of between 47 and 86 for the tumors.

https://doi.org/10.1371/journal.pone.0201546.g004
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most frequently detected, with all 11 cases showing non-frameshift insertion. The vast majority

of PRSS3mutations (10/11; 90.9%) were frameshift deletion/insertion, both affecting exon 3 of

chromosome 9. Another frequently mutated gene,MUC3A (9/11 cases), showed many types of

mutations, including nonsynonymous SNV, frameshift insertion, non-frameshift deletion,

and non-frameshift insertion, all of which affected exon 2 of chromosome 7. Similar to

MUC3A, FADS6 also showed non-frameshift insertion in 9/11 cases. TRAK1mutation was

found in 8 cases, with all mutations being non-frameshift insertion changes. S4 Table presents

the complete list of 57 selected mutated genes.

Sanger sequencing validation in independent EBV+ DLBCL cases

To verify the accuracy of the top five genetic variants identified from our exome sequencing

data (LNP1, PRSS3,MUC3A, FADS6, and TRAK1), we performed Sanger sequencing (Primer

sequences were listed in S6 Table) of 11 our EBV+ DLBCL samples, as well as an additional 16

EBV+ DLBCL samples from another hospital (S7 Table). Results of the two methods were in

agreement for over 80% of the assessed variants, confirming the accuracy of our sequencing

and bioinformatics methods.

Discussion

In the present study, we explored the mutational landscape of EBV+ DLBCL with the aim of

identifying mutational signatures and tumor heterogeneity. Our main findings were the dis-

coveries of four main signatures matched with the COSMIC database, and high intratumor

heterogeneity as shown by MATH scores that were significantly correlated with Ann Arbor

stage and�2 extranodal lesion sites. Additionally, we identified frequently recurrent muta-

tions of the LNP1,MUC16, PRSS3, andMUC3A genes, highlighting previously undetected

genetic alteration in the pathogenesis of EBV+ DLBCL.

Table 4. Relationship between clinical variables and MATH scores and OS in 11 EBV+ DLBCL cases.

Variable Value (%)

No./Total number

Relation to MATH scores

Mean ± SD P
Age at diagnosis <50 years old 27% (3/11) 63.67 ± 19.66 0.921

�50 years old 73% (8/11) 63.25 ± 13.03

Extranodal lesion sites <2 64% (7/11) 57.29 ± 10.9 0.042

�2 36% (4/11) 74.00 ± 13.37

B symptoms no 30% (3/10) 56.67 ± 8.02 0.267

yes 70% (7/10) 68.00 ± 15.24

Ann Arbor Stage Stage I–II 44% (4/9) 48.75 ± 2.06 0.016

Stage III–IV 56% (5/9) 72.20 ± 12.26

Proliferation index (%) <50% 33% (3/9) 61.67 ± 12.37 0.714

�50% 67% (6/9) 63.33 ± 13.26

Therapy scheme rituximab) 67% (6/9) 49.00 ± 0.00 0.286

Without rituximab 33% (3/9) 67.83 ± 15.32

Response to therapy CR 44% (4/9) 70.50 ± 16.98 0.286

PD 56% (5/9) 58.6 ± 11.91

Status AWD 70% (7/10) 65.29 ± 14.99 0.517

DOD 30% (3/10) 56.00 ± 13.23

Abbreviations: MATH: Mutant-Allele Tumor Heterogeneity; OS, overall survival; EBV+ DLBCL, Epstein-Barr virus-positive diffuse large B-cell lymphoma; CR,

complete response; PD, progressive disease; AWD, alive with disease; DOD, died of disease. Values are shown as mean ± SD. P values determined by non-parametric

Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0201546.t004
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Among the four main signatures of EBV+ DLBCL matched with COSMIC database, signa-

ture 3 was the most representative. Signature 3 was associated with dysfunction of DNA repair

by homologous recombination, and strongly related to elevated numbers of large insertions

and deletions at breakpoint junctions. A great number of DNA damage response (DDR) and

repair proteins mediate and regulate IG diversification processes. In a previous study, de

Miranda et al. [18] performed targeted sequencing of 73 key DNA repair genes in 29 B-cell

lymphoma samples, including 22 DLBCLs. Their WES results revealed more somatic muta-

tions in mismatch repair (MMR)-mutated cases displaying instability of microsatellite markers

Fig 5. The 30 most commonly mutated genes from selected variants in EBV+ DLBCL identified by whole-exome sequencing. Based on the total number of all

mutation loci within one somatic mutated gene in a detected region (exonic region, intronic region, intergenic region, UTR, and other regions), the top 5 most

frequently mutated genes wereMUC16, PRSS3,MUC19,MUC3A, and RLIM in decreasing order.

https://doi.org/10.1371/journal.pone.0201546.g005
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compared to in microsatellite-stable (MSS) tumors [18]. Additionally, DLBCL carrying the

AG/GG genotype ofMLH1 (a component of the DNA mismatch repair system) shows

increased risk of death compared to cases harboring the AA genotype, and multivariate analy-

sis adjusted for IPI has identifiedMLH1AG/GG as an independent OS predictor [19].

In our present study, the most common substitution in EBV+ DLBCL was the transition

C>T/G>A, which is also the most common mutation in cancer. In most cancer types with

kataegis (localized hypermutation), the mutational signatures indicate an association with apo-

lipoprotein B messenger RNA-editing, enzyme-catalytic, polypeptide-like 3 (APOBEC3)

enzymes (DNA cytidine deaminases that remove the amino group from a cytosine, converting

it to uracil), and show strong enrichment of C-to-T transitions [20]. Such APOBEC3 enzyme

activity is reportedly involved in the pathogenesis of B-cell lymphomas, including primary

effusion lymphoma [21]. By gene profiling analysis, Yoon et al. [10] identified the host

immune response as the key molecular signature in EBV+ DLBCL, while APOBEC3 proteins

reportedly act in the innate host response to viral infection [22]. Yoon et al. [10] also showed

overexpression of antiviral response genes, chemokines associated with the innate immune

response, in EBV+ DLBCL [10]. Interestingly, APOBEC3 cytidine deaminases can edit the

genomes of Epstein-Barr herpes virus both in vitro and in vivo, and function in the innate

immune response to viral infections [23]. The molecular signatures of EBV+ DLBCL must still

be confirmed in a larger number of cases; however, the signatures identified in our present

study indicate the basic features of this rare lymphoma to some degree.

Our analysis revealed that the percentage of mutations in exonic regions ranged from

3.49%–22.68% among the 11 cases, and we identified 57 selected distinct candidate genes that

were mutated in EBV+ DLBCL. In contrast, in primary EBV− DLBCL, Zhang et al. [24] found

higher proportions of nonsynonymous mutations of each category, and identified 322 recur-

rently mutated cancer genes. Previously, Yoon et al. [10] performed comparative genomic

hybridization (CGH), and reported relatively few genomic alterations in EBV+ DLBCL com-

pared to in EBV− DLBCL. It is possible that in EBV+ DLBCL, both immune escape/immuno-

senescence and the oncogenic effects of EBV or its related proteins (e.g., LMP1) may reduce

the need for the additional genetic alterations than? are frequently found in EBV− DLBCL.

We performed MATH score analysis [16, 17] to evaluate intratumor heterogeneity. WES

provides the mutant-allele fraction (MAF) within the total sequenced DNA. Because each

genomic locus has a tumor-specific mutation, the MAF value at any genomic locus is influ-

enced both by the presence of subclonal mutations and by CNAs. Our results demonstrated

median allele frequency distribution values of between 47 and 86, with high variability

of MATH scores among cases, indicating that EBV+ DLBCL harbored high intratumor

heterogeneity.

Importantly, heterogeneity reflects the presence of different subclonal populations within

the tumor, and likely influences the patient’s clinical course and response to therapy. In esoph-

ageal adenocarcinoma, higher intratumor heterogeneity index is strongly correlated with poor

responses to neoadjuvant chemotherapy [25]. The MATH scores of our EBV+ DLBCL samples

confirmed that higher MATH scores were indicative of increased tumor heterogeneity and

were correlated with higher disease stage. This indicated that tumor heterogeneity was an

important risk factor for tumor progression, andMATH score might be a useful biomarker for

staging EBV+ DLBCL. Moreover, higher MATH scores were significantly correlated with

extranodal lesion sites (�2), which is one factor contributing to a high International Prognosis

Index (IPI). This suggests that the MATH score might be useful for identifying patients who

will likely show an aggressive clinical course and should receive additional therapy.

To determine whether our study identified any novel mutations, we compared our data

with the findings of three previous studies addressing genomic alterations in EBV+ DLBCL via
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CGH and array CGH [9, 10, 26]. Only two of these three studies showed amplification of chro-

mosome arm 9p [10, 26]. Surprisingly, the mutation genes did not overlap among these differ-

ent studies, suggesting incomplete mutation discoveries in each study. Differences in

methodology, diversity of patient populations, and the small numbers of patients likely con-

tribute to this low overlap. The discrepancy between studies also supports the finding of con-

siderable genetic heterogeneity in EBV+ DLBCL, contributing to the observed patterns of

disparate mutations and highlighting the importance of biologically validating these findings.

Some genetic studies of EBV− DLBCL also reveal striking genetic heterogeneity. Zhang

et al. [24] constructed Venn diagrams depicting the overlap between genes identified in three

studies and their own study. The results showed variation even in the genes that overlapped

between different studies. When analysis was limited to 17 genes that were mutated in over

10% of the cases, the overlap between the different studies approached 70%. The overlap is still

lower for genes having fewer mutation events [24].

The duration of patient follow-up in our study ranged from 4 to 19 months, and three

elderly patients died of EBV+ DLBCL with the LCL subtype. The numbers of SNVs, indels,

and SNV items (non-synonymous SNV and synonymous SNV) did not differ between age

groups or subtype groups, indicating that the genetic spectrum of EBV+ DLBCL was unrelated

to age, histopathological subtype, and prognosis. In total, we identified 57 selected distinct can-

didate genes that showed recurrent somatic mutations in this disease. However, our mutations

numbers were likely overestimated due to the lack of corresponding germline DNA for WES.

In recent years, elucidation of the molecular mechanisms responsible for EBV− DLBCL has

enabled the identification of multiple mutational hotspots—including MYD88,CD79A, and

CARD11—that promote B-cell receptor (BCR) and/or Toll-like receptor (TLR)-mediated acti-

vation of NF-kappa B signaling. However, Gebauer et al. [9] found that EBV+ DLBCL exhib-

ited few mutations affecting CD79B and CARD11, and no mutations inMYD88. This

suggested that EBV-mediated activation of NF-kB may occur as an alternative to pathologically

enforced B-cell receptor signaling in this rare lymphoma.

In our present study, we did not explore the signal pathway for this lymphoma due to a lack

of germline DNA, but we detected commonly mutated genes. Genes that showed high muta-

tion numbers and frequencies included serine protease 3 (PRSS3),MUC3A, andMUC16.

PRSS3 is an isoform of trypsinogen, and plays important roles in the development of many

malignancies [27, 28]. https://www.ncbi.nlm.nih.gov/pubmed/?term=Fadlelmola%20FM%

5BAuthor%5D&cauthor=true&cauthor_uid=18179710Fadlelmola et al. [29] investigated HL-

derived cell lines and ALCL cell lines, and identified disease-associated gene copy number

gains and losses, and confirmed the amplification of all three isoforms of the trypsin gene

(PRSS1/PRSS2/PRSS3). This finding raises interesting possibilities regarding the role of signal-

ing pathways triggered by membrane-associated serine proteases in HL and aggressive non-

Hodgkin’s lymphoma (NHL).

MUC3A is a membrane-associated mucin that is involved in cancer pathogenesis and pro-

gression [30]. Its expression is an adverse independent prognostic factor for overall survival

(OS) and recurrence-free survival (RFS) in localized clear-cell renal cell carcinoma [31]. Until

now, no available data have demonstrated thatMUC3A is related to lymphoma. Further stud-

ies are needed to explore the functions of this gene in EBV+ DLBCL.

MUC16, also called carbohydrate antigen 125 (CA125, encoded byMUC16), is reportedly

elevated in the serum of patients with NHL, including DLBCL [32, 33], mucosa-associated

lymphoid tissue lymphoma [34], follicular lymphoma [35].MUC16 is also a prognostic factor

in DLBCL [36]. In our present study, CA125 harbored the highest total number of all mutation

loci, and all mutations were of the non-synonymous SNV type. This is the first report showing

CA125mutation in B-cell lymphoma.
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The gene mutated at the highest frequency in all 11 cases was LNP1, which is a regulator

of cortical endoplasmic reticulum [37]. In EBV+ DLBCL, LNP1 harbored non-frameshift

insertion mutations. Few studies have examined LNP1. One study shows that NUP98/

11p15 translocations affect the CD34+/CD133+ hematopoietic precursor through one of

its partners, LNP1, in myeloid and T lymphoid leukemias [38]. LNP1—together with other

highly mutated genes, such as FADS6 and TRAK1—was firstly found in this lymphoma, and

was verified by Sanger sequencing. The functions of these genes in this lymphoma remain to

be explored. Overall, our findings suggest new therapeutic possibilities in EBV+ DLBCL, that

should be further explored in clinical trials, in conjunction with approaches to assay for these

mutations.

In summary, our present whole-exome study of EBV+ DLBCL revealed several genes that

may contribute to lymphomagenesis. We further demonstrated the intratumoral heterogeneity

and subclonal architecture of EBV+ DLBCL, which may be of relevance in the clinical evolu-

tion of these tumors. Notably, the differential distribution of these mutations in EBV+ DLBCL

illustrates the relationship between genomic alterations and tumor heterogeneity.

Supporting information

S1 File. English version of verification of medical ethics committee.

(PDF)

S1 Table. Whole-exome sequencing performance data.

(DOCX)

S2 Table. All variants shown by whole-exome sequencing (WES) in 11 EBV+ DLBCL cases.

(DOCX)

S3 Table. Somatic mutations identified by whole-exome sequencing (WES) in 11 EBV

+ DLBCL cases.

(DOCX)

S4 Table. Summary of the total number of single-nucleotide variations (SNVs) andIndels

detected by whole-exome sequencing (WES) in 11 EBV+ DLBCL cases.

(DOCX)

S5 Table. Comparisons of single-nucleotide variations (SNV) and Indel numbers in 11

EBV+ DLBCL according to age and pathological subtype.

(DOCX)

S6 Table. Validation of the most recurrent genes in 11 EBV+ DLBCL patients analyzed by

whole-exome sequencing.

(DOC)

S7 Table. Clinicobiological features of 16 additional EBV+ DLBCL patients analyzed by

Sanger sequencing.

(DOCX)

Acknowledgments

The authors thank Dr. Jiya Sun for molecular analysis interpretation; the technicians Weiquan

Luo and Yongsi Wang from Huayin Co., Ltd. for excellent technical assistance; and Prof. Xiao-

song Liu for helpful discussions.

Whole exome sequencing and Epstein-Barr virus positive diffuse large B-cell lymphoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0201546 August 14, 2018 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201546.s008
https://doi.org/10.1371/journal.pone.0201546


Author Contributions

Conceptualization: Fang Liu, Shigeo Nakamura.

Investigation: Qing Liu, Hualiang Xiao, Huilan Rao.

Methodology: Qing Liu, Gang Chen.

Project administration: Huilan Rao.

Resources: Zhe Wang, Xiaoge Zhou, Gang Chen, Hualiang Xiao, Weihua Yin, Huilan Rao.

Supervision: Zhe Wang, Shigeo Nakamura.

Validation: Xiaoge Zhou, Gang Chen.

Writing – original draft: Fang Liu, Zhe Wang.

Writing – review & editing: Huilan Rao.

References
1. Swerdlow SH, Campo E, Harris NL, Jaffe ES,.Pileri SA, Stein H, et al. WHO Classification of Tumours

of Haematopoietic and Lymphoid Tissue. Lyon: IARC; 2016.

2. Oyama T, Yamamoto K, Asano N, Oshiro A, Suzuki R, Kagami Y, et al. Age-Related EBV-Associated

B-Cell Lymphoproliferative Disorders Constitute a Distinct Clinicopathologic Group:A Study of 96

Patients. Clin Cancer Res. 2007; 13(17): 5124–5132. https://doi.org/10.1158/1078-0432.CCR-06-2823

PMID: 17785567

3. Nicolae A, Pittaluga S, Abdullah S, Steinberg SM, Pham TA, Davies-Hill T, et al. EBV-positive large

B-cell lymphomas in young patients: a nodal lymphoma with evidence for a tolerogenic immune en-

vironment. Blood.2015; 126 (7):863–872. https://doi.org/10.1182/blood-2015-02-630632 PMID:

25999451

4. Hong JY, Yoon DH, Suh C, Huh J, Do IG, Sohn I, et al. EBV-positive diffuse large B-cell lymphoma in

young adults: is this a distinct disease entity? Annals of Oncology.2015; 26: 548–555. https://doi.org/10.

1093/annonc/mdu556 PMID: 25475080

5. Oyama T, Ichimura K, Suzuki R, Suzumiya J, Ohshima K, Yatabe Y, et al. Senile EBV+ B-Cell Lympho-

proliferative Disorders: A Clinicopathologic Study of 22 Patients. Am J Surg Pathol.2003; 27(1): 16–26.

PMID: 12502924

6. Montes-Moreno S, Odqvist L, Diaz-Perez JA, Lopez AB, de Villambrosı́a SG, Mazorra F,et al. EBV-pos-

itive diffuse large B-cell lymphoma of the elderly is an aggressive post-germinal center B-cell neoplasm

characterized by prominent nuclear factor-kB activation. Mod Pathol. 2012; 25(7):968–982. https://doi.

org/10.1038/modpathol.2012.52 PMID: 22538516

7. Takegawa S, Jin Z, Nakayama T, Oyama T, Hieshima K, Nagakubo D, et al. Expression of CCL17 and

CCL22 by latent membrane protein 1-positive tumor cells in age-related Epstein-Barr virus-associated

B-cell lymphoproliferative disorder. Cancer Sci. 2008; 99(2):296–302. https://doi.org/10.1111/j.1349-

7006.2007.00687.x PMID: 18271928

8. Kato H, Karube K, Yamamoto K, Takizawa J, Tsuzuki S, Yatabe Y, et al. Gene expression profiling of

Epstein-Barr virus-positive diffuse large B-cell lymphoma of the elderly reveals alterations of character-

istic oncogenetic pathways. Cancer Sci. 2014; 105(5):537–544. https://doi.org/10.1111/cas.12389

PMID: 24581222

9. Gebauer N, Gebauer J, Hardel TT, Bernard V, Biersack H, Lehnert H, et al. Prevalence of targetable

oncogenic mutations and genomic alterations in Epstein–Barr virus-associated diffuse large B-cell lym-

phoma of the elderly. Leukemia & Lymphoma. 2014; 6(4):1100–6. https://doi.org/10.3109/10428194.

2014.944522

10. Yoon H, Park S, Ju H, Ha SY, Sohn I, Jo J,et al. Integrated copy of number and Gene expression profil-

ing analysis of Epstein-Barr Virus-positive diffuse large B-cell lymphoma.Genes, Chromosomes Can-

cer.2015; 54(6):383–396. https://doi.org/10.1002/gcc.22249 PMID: 25832818

11. Bolger AM, Lohse M and Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioin-

formatics.2014; 30(15):p.2114–20. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

12. Li H and Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler transfrom.Bioinformat-

ics.2010; 26(5):p.589–95. https://doi.org/10.1093/bioinformatics/btp698 PMID: 20080505

Whole exome sequencing and Epstein-Barr virus positive diffuse large B-cell lymphoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0201546 August 14, 2018 16 / 18

https://doi.org/10.1158/1078-0432.CCR-06-2823
http://www.ncbi.nlm.nih.gov/pubmed/17785567
https://doi.org/10.1182/blood-2015-02-630632
http://www.ncbi.nlm.nih.gov/pubmed/25999451
https://doi.org/10.1093/annonc/mdu556
https://doi.org/10.1093/annonc/mdu556
http://www.ncbi.nlm.nih.gov/pubmed/25475080
http://www.ncbi.nlm.nih.gov/pubmed/12502924
https://doi.org/10.1038/modpathol.2012.52
https://doi.org/10.1038/modpathol.2012.52
http://www.ncbi.nlm.nih.gov/pubmed/22538516
https://doi.org/10.1111/j.1349-7006.2007.00687.x
https://doi.org/10.1111/j.1349-7006.2007.00687.x
http://www.ncbi.nlm.nih.gov/pubmed/18271928
https://doi.org/10.1111/cas.12389
http://www.ncbi.nlm.nih.gov/pubmed/24581222
https://doi.org/10.3109/10428194.2014.944522
https://doi.org/10.3109/10428194.2014.944522
https://doi.org/10.1002/gcc.22249
http://www.ncbi.nlm.nih.gov/pubmed/25832818
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
https://doi.org/10.1371/journal.pone.0201546


13. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis

Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.

2010; 20(9): p. 1297–303. https://doi.org/10.1101/gr.107524.110 PMID: 20644199

14. Wang K, Li M, and Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-

throughput sequencing data. Nucleic Acids Res. 2010; 38(16): p. e164. https://doi.org/10.1093/nar/

gkq603 PMID: 20601685

15. Rosenthal R, McGranahan N, Herrero J, Barry S. Taylor and Charles Swanton.DeconstructSigs: delin-

eating mutational processes in single tumors distinguishes DNA repair deficiencies and patterns of car-

cinoma evolution. Genome Biology.2016; 17:31. https://doi.org/10.1186/s13059-016-0893-4

16. Mroz EA and Rocco JW. MATH, a novel measure of intratumor genetic heterogeneity, is high in poor-

outcome classes of head and neck squamous cell carcinoma. Oral Oncol.2013; 49(3): p. 211–5.

https://doi.org/10.1016/j.oraloncology.2012.09.007 PMID: 23079694

17. Rajput A, Bocklage T, Greenbaum A, Lee JH and Ness SA. Mutant-Allele Tumor Heterogeneity Scores

Correlate With Risk of Metastases in Colon Cancer. Clin Colorectal Cancer. 2017; 16(3):e165–e170.

https://doi.org/10.1016/j.clcc.2016.11.004 PMID: 28073683

18. de Miranda NF, Peng R, Georgiou K, Wu C, Falk Sörqvist E, Berglund M, et al.DNA repair genes are

selectively mutated in diffuse large B cell lymphomas. J Exp Med. 2013; 210(9):1729–42. https://doi.

org/10.1084/jem.20122842 PMID: 23960188

19. Rossi D, Rasi S, Di Rocco A, Fabbri A, Forconi F, Gloghini A, et al. The host genetic background of

DNA repair mechanisms is an independent predictor of survival in diffuse large B-cell lymphoma. Blood.

2011; 117(8):2405–13. https://doi.org/10.1182/blood-2010-07-296244 PMID: 21156845

20. Pettersen HS, Galashevskaya A, Doseth B, Sousa MM, Sarno A, Visnes T, et al. AID expression in B-

cell lymphomas causes accumulation of genomic uracil and a distinct AID mutational signature. DNA

Repair (Amst). 2015; 25:60–71. https://doi.org/10.1016/j.dnarep.2014.11.006 PMID: 25486549

21. Wagener R, Alexandrov LB, Montesinos-Rongen M, Schlesner M, Haake A, Drexler HG, et al. Analysis

of mutational signatures in exomes from B-cell lymphoma cell lines suggest APOBEC3 family members

to be involved in the pathogenesis of primary effusion lymphoma. Leukemia. 2015; 29(7):1612–5.

https://doi.org/10.1038/leu.2015.22 PMID: 25650088

22. Rosenberg BR, Papavasiliou FN. Beyond SHM and CSR: AID and related cytidine deaminases in the

host response to viral infection. Adv Immunol. 2007; 94:215–44. https://doi.org/10.1016/S0065-2776

(06)94007-3 PMID: 17560276

23. Suspène R, Aynaud MM, Koch S, Pasdeloup D, Labetoulle M, Gaertner B, et al. Genetic editing of her-

pes simplex virus 1 and Epstein-Barr herpesvirus genomes by human APOBEC3 cytidine deaminases

in culture and in vivo. J Virol. 2011; 85(15):7594–602. https://doi.org/10.1128/JVI.00290-11 PMID:

21632763

24. Zhang J, Grubor V, Love CL, Banerjee A, Richards KL, Mieczkowski PA,et al. Genetic heterogeneity of

diffuse large B-cell lymphoma. Proc Natl Acad Sci U S A. 2013;2; 110(4):1398–403. https://doi.org/10.

1073/pnas.1205299110 PMID: 23292937

25. Murugaesu N, Wilson GA, Birkbak NJ, Watkins T, McGranahan N, Kumar S, et al. Tracking the genomic

evolution of esophageal adenocarcinoma through neoadjuvant chemotherapy. Cancer Discov.2015; 5:

821–831. https://doi.org/10.1158/2159-8290.CD-15-0412 PMID: 26003801

26. Al-Humood S, Alqallaf A, Al-Shemmari S, Al-Faris L, Al-Ayadhy B. Genetic and Immunohistochemical

Characterization of Epstein-Barr Virus-Associated Diffuse Large B-Cell Lymphoma. Acta Haematol.

2014; 131(1):1–10. https://doi.org/10.1159/000350493 PMID: 24008861

27. Qian L, Gao X, Huang H, Lu S, Cai Y, Hua Y, et al. PRSS3 is a prognostic marker in invasive ductal car-

cinoma of the breast. Oncotarget. 2017; 8(13):21444–21453. https://doi.org/10.18632/oncotarget.

15590 PMID: 28423522

28. Hockla A, Miller E, Salameh MA, Copland JA, Radisky DC, Radisky ES. PRSS3/mesotrypsin is a thera-

peutic target for metastatic prostate cancer. Mol Cancer Res. 2012; 10(12):1555–66. https://doi.org/10.

1158/1541-7786.MCR-12-0314 PMID: 23258495

29. Fadlelmola FM, Zhou M, de Leeuw RJ, Dosanjh NS, Harmer K, Huntsman D,et al. Sub-megabase reso-

lution tiling (SMRT) array-based comparative genomic hybridization profiling reveals novel gains and

losses of chromosomal regions in Hodgkin Lymphoma and Anaplastic Large Cell Lymphoma cell lines.

Mol Cancer. 2008; 7:2. https://doi.org/10.1186/1476-4598-7-2 PMID: 18179710

30. Kitamoto S, Yamada N, Yokoyama S, Houjou I, Higashi M, Yonezawa S. Promoter hypomethylation

contributes to the expression of MUC3A in cancer cells. Biochem Biophys Res Commun. 2010; 397

(2):333–9. https://doi.org/10.1016/j.bbrc.2010.05.124 PMID: 20510874

31. Niu T, Liu Y, Zhang Y, Fu Q, Liu Z, Wang Z, et al. Increased expression of MUC3A is associated with

poor prognosis in localized clear-cell renal cell carcinoma. Oncotarget. 2016; 7(31):50017–50026.

https://doi.org/10.18632/oncotarget.10312 PMID: 27374181

Whole exome sequencing and Epstein-Barr virus positive diffuse large B-cell lymphoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0201546 August 14, 2018 17 / 18

https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1186/s13059-016-0893-4
https://doi.org/10.1016/j.oraloncology.2012.09.007
http://www.ncbi.nlm.nih.gov/pubmed/23079694
https://doi.org/10.1016/j.clcc.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28073683
https://doi.org/10.1084/jem.20122842
https://doi.org/10.1084/jem.20122842
http://www.ncbi.nlm.nih.gov/pubmed/23960188
https://doi.org/10.1182/blood-2010-07-296244
http://www.ncbi.nlm.nih.gov/pubmed/21156845
https://doi.org/10.1016/j.dnarep.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25486549
https://doi.org/10.1038/leu.2015.22
http://www.ncbi.nlm.nih.gov/pubmed/25650088
https://doi.org/10.1016/S0065-2776(06)94007-3
https://doi.org/10.1016/S0065-2776(06)94007-3
http://www.ncbi.nlm.nih.gov/pubmed/17560276
https://doi.org/10.1128/JVI.00290-11
http://www.ncbi.nlm.nih.gov/pubmed/21632763
https://doi.org/10.1073/pnas.1205299110
https://doi.org/10.1073/pnas.1205299110
http://www.ncbi.nlm.nih.gov/pubmed/23292937
https://doi.org/10.1158/2159-8290.CD-15-0412
http://www.ncbi.nlm.nih.gov/pubmed/26003801
https://doi.org/10.1159/000350493
http://www.ncbi.nlm.nih.gov/pubmed/24008861
https://doi.org/10.18632/oncotarget.15590
https://doi.org/10.18632/oncotarget.15590
http://www.ncbi.nlm.nih.gov/pubmed/28423522
https://doi.org/10.1158/1541-7786.MCR-12-0314
https://doi.org/10.1158/1541-7786.MCR-12-0314
http://www.ncbi.nlm.nih.gov/pubmed/23258495
https://doi.org/10.1186/1476-4598-7-2
http://www.ncbi.nlm.nih.gov/pubmed/18179710
https://doi.org/10.1016/j.bbrc.2010.05.124
http://www.ncbi.nlm.nih.gov/pubmed/20510874
https://doi.org/10.18632/oncotarget.10312
http://www.ncbi.nlm.nih.gov/pubmed/27374181
https://doi.org/10.1371/journal.pone.0201546


32. Abd El Gawad IA, Shafik HE. CA 125, a New Prognostic Marker for Aggressive NHL. J Egypt Natl Canc

Inst. 2009; 21(3):209–17. PMID: 21132031

33. Wu JZ, Tian T, Huang Y, Liang JH, Miao Y, Wang L, et al. Serum carbohydrate antigen 125 concentra-

tion as a superior predictor for serosal effusion at diagnosis and a prognostic factor in diffuse large B-

cell lymphoma. Cancer Biomark. 2016; 17(2):205–12. https://doi.org/10.3233/CBM-160632 PMID:

27434288

34. Yamada A, Sugimoto K, Matuno K, Tutui M, Yahata Y, Tsukune Y, et al. Primary pleural of mucosa-

associated lymphoid tissue lymphoma. Rinsho Ketsueki. 2013; 54(5):463–7. PMID: 23727685
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