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Abstract
The application of advanced molecular technology has significantly expanded lym-
phoma classification, allowing risk stratification and treatment optimization. Limited 
evidence suggests the presence of a genetic predisposition in lymphoma, indicating 
the potential for better individualized clinical management based on a novel lym-
phoma classification. Herein, we examined the impact of germline pathogenic variants 
in 27 cancer-predisposing genes with lymphoma risk and explored the clinical charac-
teristics of pathogenic variant carriers. This study included 2,066 lymphoma patients 
and 38,153 cancer-free controls from the Japanese population. Following quality con-
trol of sequencing data, samples from 1,982 lymphoma patients and 37,592 controls 
were further analyzed. We identified 309 pathogenic variants among 4,850 variants 
in the 27 cancer-predisposing genes. Pathogenic variants in the following four cancer-
predisposing genes were associated with a high risk of lymphoma: ATM (odds ratio [OR], 
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1  |  INTRODUC TION

Lymphoma is one of the most common hematopoietic neoplasms, 
with an estimated 627,000 new cases worldwide in 2020;1 however, 
it is associated with heterogeneous subtypes. Lymphoma is classified 
into approximately 70 subtypes using the information on morphol-
ogy, immune-phenotyping, and molecular genetics of tumors based 
on the World Health Organization classification.2 The detailed clas-
sification has important implications for diagnosis, prognosis, and 
treatment.2 Several studies suggested the presence of a genetic pre-
disposition in lymphoma. For example, a previous report found that 
germline pathogenic variants in BRCA2 increased the risk of non-
Hodgkin lymphoma five-fold.3 Our previous study across 14 cancer 
types also found that germline pathogenic variants in BRCA1 tended 
to be associated with lymphoma risk, although the results were not 
statistically significant.4 A population-based study reported that 
lymphoma patients share the familial risks of the same lymphoma 
subtypes,5 indicating the presence of a genetic predisposition to 
the lymphoma subtype. However, because there has been insuffi-
cient evaluation of other cancer-predisposing genes and insufficient 
assessment of how these genetic predispositions differ across the 
subtype of lymphoma, the classification with germline pathogenic 
variants has not yet been divided in the World Health Organization 
classification of lymphoid neoplasms,2 unlike myeloid neoplasms.6

Herein, we evaluate the association between germline patho-
genic variants in 27 cancer-predisposing genes and the lymphoma 
risk and then explore the clinical characteristics of pathogenic 
variant carriers to provide evidence for appropriate diagnosis and 
treatment based on novel insights concerning monogenic form in 
lymphoma classification.

2  |  MATERIAL S AND METHODS

2.1  |  Study subjects

All patients were enrolled from BioBank Japan,7,8 which is a multi-
institutional hospital registry that collected peripheral blood samples 

and clinical information from participants with 51 common diseases 
from all over Japan between 2003 and 2018. Clinical information of 
individuals was collected through interviews or medical record sur-
veys using a standard questionnaire at the point of entry to Biobank 
Japan. In the present study, we analyzed 2,066 individuals with lym-
phoma diagnoses registered to BioBank Japan or a past personal his-
tory of lymphoma. We also analyzed 38,153 individuals registered 
to BBJ with non-malignant diseases; controls were selected to have 
no past personal or family history of cancer to improve statistical 
power. All participants provided written informed consent. The 
study was approved by the ethics committees of the Institute of 
Medical Sciences, The University of Tokyo, and the RIKEN Center 
for Integrative Medical Sciences.

2.2  |  Sequencing and bioinformatics analysis

We analyzed 27 cancer-predisposing genes (APC, ATM, BARD1, 
BMPR1A, BRCA1, BRCA2, BRIP1, CDK4, CDKN2A, CDH1, CHEK2, 
EPCAM, HOXB13, NBN, NF1, MLH1, MSH2, MSH6, MUTYH, PALB2, 
PMS2, PTEN, RAD51C, RAD51D, SMAD4, STK11, and TP53), which 
were evaluated in our previous study.9 This is our original cancer-
predisposing genes panel, which includes 25 genes from the Myriad 
myRisk Hereditary Cancer Test,10 and an additional two genes (not 
included in the panel), namely NF1 and HOXB13, which are associ-
ated with breast/ovarian11 and prostate12 cancer risk, respectively. 
We analyzed all coding regions and two base pair flanking intronic 
sequences of all 27 genes (84,822 base pairs), except exons 10–
15 of PMS2 due to the homology with the PMS2 pseudogene.13 A 
multiplex polymerase chain reaction-based targeted sequencing 
method was used to sequence the target region.14 Sequence reads 
allocated to each individual were aligned to the human reference 
sequence (hg19) using the Burrows–Wheeler Aligner (ver. 0.7.17) 
and processed using the Genome Analysis Toolkit (GATK, ver. 3.7–
0). For quality control, we selected individuals in whom more than 
98% of the targeted region was covered with 20 or more sequencing 
reads. A part of the sequencing data came from our other studies 
(Figure S1).

2.63; 95% confidence interval [CI], 1.25–5.51; p = 1.06 × 10−2), BRCA1 (OR, 5.88; 95% 
CI, 2.65–13.02; p = 1.27 × 10−5), BRCA2 (OR, 2.94; 95% CI, 1.60–5.42; p = 5.25 × 10−4), 
and TP53 (OR, 5.22; 95% CI, 1.43–19.02; p = 1.23 × 10−2). The proportion of carriers 
of these genes was 1.6% of lymphoma patients. Furthermore, pathogenic variants in 
these genes were especially associated with a higher risk of mantle cell lymphoma 
(OR, 21.57; 95% CI, 7.59–61.26; p = 8.07 × 10−9). These results provide novel insights 
concerning monogenic form into lymphoma classification. Some lymphoma patients 
may benefit from surveillance and targeted treatment, such as other neoplasms.

K E Y W O R D S
cancer-predisposing gene, case-control study, germline pathogenic variant, lymphoma, mantle 
cell lymphoma
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We called germline variants in each individual separately using 
the UnifiedGenotyper and HaplotypeCaller of GATK. Genotypes for 
all individuals were jointly determined for each variant based on the 
sequencing read ratios of the reference and alternative alleles. When 
the alternative allele fraction was between 0 and 0.15, 0.25 and 0.75, 
and 0.85 and 1.00, we considered the individual a homozygote of the 
reference allele, heterozygote, and homozygote of the alternative 
allele, respectively. We excluded variants with call rates <98%, vari-
ants that did not follow the Hardy–Weinberg equilibrium in controls 
(p < 1.0 × 10−6), and variants with a minor allele frequency ≥0.1% in 
controls. The details are described in our previous studies.4,9

We defined loss of function as “HIGH” impact using SnpEff 
impact prediction.15 HIGH impact includes the variants that are 
assumed to have high impact in the protein, probably causing pro-
tein truncation, loss of function, or triggering nonsense-mediated 
decay.15 We defined “pathogenic variants” in this study as either 
loss-of-function variants determined by the SnpEff ver 4.3  t.,15 or 
pathogenic variants identified by ClinVar (ver. 2022-03-06).16

2.3  |  Statistical analysis

First, we identified genes associated with lymphoma risk. We es-
timated ORs and the corresponding 95% confidence intervals (CIs) 
using a logistic regression model adjusted for age at entry and sex 
to evaluate the impact of each cancer-predisposing gene on the lym-
phoma risk. As for MUTYH, germline pathogenic variant status was 
defined as an individual with biallelic variants.10 Carriers with a ger-
mline pathogenic variant were defined in the dominant models for 
the other genes. In these gene-based analyses, Bonferroni correc-
tion was applied considering multiple comparisons (p < 1.83 × 10−3 
[=0.05/27]).

Second, to explore the clinical characteristics of the germline 
pathogenic variant carriers, we focused on genes that showed p < 0.05 
in the gene-based analyses. We compared the characteristics be-
tween pathogenic variant carriers and non-carriers among lymphoma 
patients using the Mann–Whitney U-test for continuous variables 
and Fisher's exact test or the χ2-test for discrete variables. We eval-
uated the heterogeneous impact of pathogenic variants across the 
lymphoma subtypes with specific diagnoses using the above logistic 
regression model, Cochran's Q statistic, and the I2 statistic.

All statistical tests were two-sided, and p < 0.05 was considered 
statistically significant. Bonferroni correction was applied if nec-
essary. All statistical analyses were performed using Stata version 
16.0 (Stata Corp.) and R version 3.5.2 (R Foundation for Statistical 
Computing).

3  |  RESULTS

3.1  |  Characteristics of the study subjects

The characteristics of the study population are shown in Table  1. 
The median (interquartile range) age at entry was 66 (56–73) years 

in lymphoma patients and 64 (54–72) years in controls. The propor-
tion of men was 56.5% in lymphoma patients and 53.1% in controls. 
The proportions of subtypes of patients were as follows: diffuse 
large B-cell lymphoma, 39.9%; follicular lymphoma, 17.0%; Hodgkin 
lymphoma, 7.6%; extranodal marginal zone lymphoma of mucosa-
associated lymphoid tissue, 6.9%; mantle cell lymphoma (MCL), 
2.1%; peripheral T-cell lymphoma, 1.6%; and angioimmunoblastic 
T-cell lymphoma, 1.2%. The proportions were comparable to the 
population-based cancer registry data in Japan (Figure S2).17

3.2  |  Annotation of germline variants

The average number of sequence reads among all study subjects was 
994x. Sequencing coverages in 27 cancer-predisposing genes among 
all subjects are summarized in Table S1. Following quality control of 
sequencing data, we included 1,982 lymphoma patients and 37,592 
controls. All subjects had more than 99.8% of the targeted region 
covered by 20 or more sequencing reads. We annotated 309 of the 
4,850 germline variants as pathogenic (Table S2). All germline patho-
genic variants are shown in the Table S3.

3.3  |  Gene-based association analyses between 
cancer-predisposing genes and lymphoma risk

The results of the gene-based association analyses are shown in 
Table 2 (all results are shown in Table S4). We observed a significant 
association in BRCA1 (OR, 5.88; 95% CI, 2.65–13.02; p = 1.27 × 10−5) 
and BRCA2 (OR, 2.94; 95% CI, 1.60–5.42; p  =  5.25 × 10−4) and 
marginal associations (p  < 0.05) in ATM (OR, 2.63; 95% CI, 1.25–
5.51; p  =  1.06 × 10−2) and TP53 (OR, 5.22; 95% CI, 1.43–19.02; 
p = 1.23 × 10−2). The proportion of carriers of these genes accounts 
for 1.6% of lymphoma patients (ATM: 0.4%, BRCA1: 0.4%, BRCA2: 
0.6%, and TP53: 0.2%).

3.4  |  Clinical characteristics of the lymphoma 
patients with germline pathogenic variants

To explore the clinical characteristics of the germline pathogenic 
variant carriers, we focused on the four genes that have significant 
or marginal associations with lymphoma risk (ATM, BRCA1, BRCA2, 
and TP53). All carriers with pathogenic variants among lymphoma 
patients are summarized in Table  3. Regarding family history of 
cancer, the proportion of lymphoma patients with a family history 
of breast or ovarian cancer was higher among carriers (breast can-
cer: carriers, 22.6%; non-carriers, 4.9% [p  =  7.00 × 10−4], ovarian 
cancer: carriers, 6.5%; non-carriers, 0.5% [p  =  1.42 × 10−2]), while 
we did not observe a statistically difference between carriers and 
non-carriers in a family history of lymphoma (carriers, 0.0%; non-
carriers, 2.8% [p = 1.000]). An individual with ataxia telangiectasia, 
an autosomal recessive inherited disorder of ATM, has a higher risk 
of B- and T-cell lymphoid neoplasms.18 In the present study, eight 
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pathogenic variant carriers of ATM were observed among the lym-
phoma patients. However, all were heterozygous carriers. In addi-
tion, we did not find any information supporting a family history of 

ataxia telangiectasia, leukemia, or lymphoma from the available data. 
Regarding age at diagnosis or sex, we did not observe any difference 
between pathogenic variant carriers and non-carriers.

Lymphoma patients 
(N = 2,066)

Control 
(N = 38,153)

Age at entry, median (interquartile range) 66 (56; 73) 64 (54; 72)

Sex (%)

Male 1,167 (56.5) 20,242 (53.1)

Female 899 (43.5) 17,911 (46.9)

Subtype of lymphoma (%)

Diffuse large B-cell lymphoma 825 (39.9) -

Follicular lymphoma 352 (17.0) -

Hodgkin lymphoma 157 (7.6) -

MALT lymphoma 143 (6.9) -

Mantle cell lymphoma 44 (2.1) -

Peripheral T-cell lymphoma 33 (1.6) -

Angioimmunoblastic T-cell lymphoma 25 (1.2) -

Burkitt lymphoma 14 (0.7) -

Extra nodal T/NK-cell lymphoma 13 (0.6) -

Anaplastic large cell lymphoma 13 (0.6) -

Adult T-cell lymphoma 12 (0.6) -

B-cell lymphoma NOS 110 (5.3) -

T/NK-cell lymphoma NOS 19 (0.9) -

Other lymphoma 77 (4.2) -

Unknown 229 (11.1) -

Abbreviations: MALT lymphoma, extranodal marginal zone lymphoma of mucosa-associated 
lymphoid tissue; MCL, mantle cell lymphoma; NOS, not otherwise specified.

TA B L E  1  Characteristics of the study 
subjects

Number of pathogenic variant carrier (%)

OR (95% CI)a p valuea
Lymphoma patients 
(N = 1,982)

Control 
(N = 37,592)

BRCA1 8 (0.40) 26 (0.07) 5.88 (2.65–13.02) 1.27 × 10−5

BRCA2 12 (0.61) 79 (0.21) 2.94 (1.60–5.42) 5.25 × 10−4

ATM 8 (0.40) 59 (0.16) 2.63 (1.25–5.51) 1.06 × 10−2

TP53 3 (0.15) 10 (0.03) 5.22 (1.43–19.02) 1.23 × 10−2

RAD51D 11 (0.56) 122 (0.33) 1.72 (0.92–3.19) 0.088

MSH2 1 (0.05) 3 (0.01) 7.00 (0.72–67.54) 0.093

NBN 1 (0.05) 50 (0.13) 0.39 (0.05–2.80) 0.346

EPCAM 1 (0.05) 8 (0.02) 2.66 (0.33–21.36) 0.359

PALB2 2 (0.10) 20 (0.05) 1.98 (0.46–8.47) 0.359

CHEK2 1 (0.05) 35 (0.09) 0.55 (0.08–4.04) 0.559

BARD1 1 (0.05) 19 (0.05) 1.03 (0.14–7.74) 0.974

Notes: Genes with no pathogenic variant carrier in lymphoma patients are not shown in this 
Table 2.
All results are shown in Table S4.
CI, confidence interval; OR, odds ratio.
aAdjusted by age and sex in a logistic regression model.

TA B L E  2  Gene-based association 
analyses between cancer-predisposing 
genes and lymphoma risk
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3.5  |  Heterogeneous impacts of germline 
pathogenic variants across the subtypes of lymphoma

We observed the heterogeneous impact of germline pathogenic var-
iants in four genes on the lymphoma risk across subtypes (Figure 1; 

pheterogeneity = 0.020, I2 = 69.5%). The impact of pathogenic variants 
on the risk of MCL was particularly large (MCL [OR, 21.57; 95% CI, 
7.59–61.26; p  =  8.07 × 10−9], diffuse large B-cell lymphoma [OR, 
3.96; 95% CI, 2.28–6.86; p = 9.55 × 10−7], extranodal marginal zone 
lymphoma of mucosa-associated lymphoid tissue [OR, 3.26; 95% CI, 

Lymphoma patients (n = 1,982)

p value
Pathogenic variant 
carriers (n = 31)

Pathogenic variant non-
carriers (n = 1,951)

Age at diagnosis, median 
(interquartile range)a

61 (54; 73) 62 (53; 70) 0.721

Sex (%)b

Male 22 (71.0) 1,105 (56.6) 0.143

Female 9 (29.0) 846 (43.4)

Family history of cancer (%)

Lymphoma 0 (0.0) 54 (2.8) 1.000

Leukemia 0 (0.0) 36 (1.9) 1.000

Breast cancer 7 (22.6) 95 (4.9) 7.00 × 10−4

Ovarian cancer 2 (6.5) 10 (0.5) 1.42 × 10−2

Pancreatic cancer 0 (0.0) 67 (3.4) 0.624

Prostate cancer 1 (3.2) 57 (2.9) 0.605

Colon cancer 1 (3.2) 178 (9.1) 0.356

Lung cancer 3 (9.7) 168 (8.6) 0.746

Gastric cancer 4 (12.9) 413 (21.2) 0.374

Subtype of lymphoma (%)b

Diffuse large B-cell 
lymphoma

14 (45.2) 777 (39.8) 7.10 × 10−2

Follicular lymphoma 4 (12.9) 329 (16.9)

Hodgkin lymphoma 1 (3.2) 153 (7.8)

MALT lymphoma 2 (6.5) 136 (7.0)

Mantle cell lymphoma 4 (12.9) 40 (2.1)

Peripheral T-cell 
lymphoma

0 (0.0) 30 (1.5)

Angioimmunoblastic T-
cell lymphoma

0 (0.0) 24 (1.2)

Burkitt lymphoma 0 (0.0) 14 (0.7)

Extra nodal T/NK-cell 
lymphoma

0 (0.0) 12 (0.6)

Anaplastic large cell 
lymphoma

0 (0.0) 13 (0.7)

Adult T-cell lymphoma 0 (0.0) 12 (0.6)

B-cell lymphoma NOS 1 (3.2) 104 (5.3)

T/NK-cell lymphoma NOS 1 (3.2) 18 (0.9)

Other lymphoma 0 (0.0) 71 (3.64)

Unknown 4 (12.9) 218 (11.2)

Note: Other evaluations were performed using Fisher's exact test.
Pathogenic variant carriers were defined in ATM, BRCA1, BRCA2, or TP53.
MALT lymphoma, extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue; 
NOS, not otherwise specified.
aEvaluated by Mann–Whitney U-test.
bEvaluated using the χ2-test.

TA B L E  3  Clinical characteristics 
of lymphoma patients with germline 
pathogenic variants
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0.80–13.30; p = 0.099], follicular lymphoma [OR, 2.66; 95% CI, 0.98–
7.21; p = 0.055], and Hodgkin lymphoma [OR, 1.29; 95% CI, 0.18–
9.26; p = 0.802]). In the present study, 9.1% (95% CI, 3.4%–22.4%) 
of MCL patients had pathogenic variants (in ATM, BRCA1, or BRCA2, 
which are involved in the DNA damage repair pathway).19 Although 
we evaluated the combined impact of the four genes on the risk of 
MCL due to the limited sample size, the point estimate on the risk of 
MCL was high even when it was evaluated according to gene (ATM: 
OR, 32.34, BRCA1: OR, 32.15, and BRCA2: OR, 11.33; Figure S3).

4  |  DISCUSSION

This is the largest study to evaluate the association between ger-
mline pathogenic variants in cancer-predisposing genes and lym-
phoma risk in the Japanese population. We observed that the 
lymphoma risk was significantly associated with BRCA1 and BRCA2 
and marginally associated with ATM and TP53. Furthermore, these 
genes were associated with a particularly high risk of MCL.

We observed a significant association of germline pathogenic 
variants in BRCA1 and BRCA2 with lymphoma risk. Our previous 
study found that pathogenic variants in BRCA1 tended to be as-
sociated with lymphoma risk, although it was not statistically sig-
nificant.4 To overcome this challenge, we increased the number of 
lymphoma patient subjects to detect the association in the present 
study. Cancer risk profiles for BRCA1 and BRCA2 are expanded to 
esophageal cancer, biliary tract cancer, and gastric cancer,4 in ad-
dition to four cancers (breast cancer, ovarian cancer, prostate can-
cer, and pancreatic cancer).11 In the present study, we revealed that 
pathogenic variants in BRCA1 and BRCA2 are also associated with 
lymphoma risk, indicating the expansion of the cancer risk profile of 
BRCA1 and BRCA2. We compared the germline pathogenic variants 

of BRCA1/2 found in this study with those observed in biliary duct 
(BRCA1), female breast (BRCA1/2), male breast (BRCA2), esoph-
ageal (BRCA2), gastric (BRCA1/2), ovarian (BRCA1/2), pancreatic 
(BRCA1/2), and prostate cancer (BRCA2) carriers from our previous 
study.4 Sixteen pathogenic variants of BRCA1/2 were observed in 
lymphoma patients. Four of the 16 (25%) variants were found only 
in lymphoma patients (Table S5). A previous report suggested that 
the impacts of some pathogenic variant locations in BRCA1/2 were 
different for different cancer types.20 However, these four variants 
found in only lymphoma patients were not concentrated in a spe-
cific location. Some lymphoma patients may be identified through 
surveillance of carriers with germline pathogenic variants in high-
risk genes. Although further evaluation is required, they may benefit 
from poly ADP-ribose polymerase inhibitors, as in other cancers.11

The most interesting finding in our present study was the het-
erogeneous impact of germline pathogenic variants, which were 
especially associated with a high risk of MCL. In the present study, 
9.1% of MCL patients had germline pathogenic variants, which are 
involved in the DNA damage response pathway.19 These findings are 
relevant to previous tumor genomic evaluations. A previous study 
identified several somatic driver mutations for MCL, which were 
most frequently involved in the DNA damage response pathway.21 
This suggests that alterations in the mechanisms involved in genome 
stability would be important for MCL pathogenesis. Furthermore, 
other reports mentioned that alternations in the DNA damage re-
sponse pathway were observed independently of proliferation ac-
tivity, implying that they might be involved in the early phase of MCL 
lymphomagenesis.22 These findings indicate that some genetic vari-
ants observed in MCL may be derived from germline variants, and 
germline pathogenic variants in the DNA damage response pathway 
may predispose to MCL.22 However, the associations between the 
germline variants and the risk of MCL were not evaluated. In our 

F I G U R E  1  Heterogeneous impacts of germline pathogenic variants across the subtypes of lymphoma. The association of germline 
pathogenic variants with the lymphoma risk in each subtype was evaluated using a logistic regression model adjusted for age and sex. Error 
bars represent 95% CIs. Pathogenic variant carriers were defined in ATM, BRCA1, BRCA2, and TP53. CI, confidence interval; DLBCL, diffuse 
large B-cell lymphoma; FL, follicular lymphoma; HL, Hodgkin lymphoma; MALT lymphoma, extranodal marginal zone lymphoma of mucosa-
associated lymphoid tissue; MCL, mantle cell lymphoma; OR, odds ratio
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present study, we found that germline pathogenic variants, in par-
ticular, predispose to the risk of MCL. This provides evidence for 
further development of lymphoma classification, indicating the pres-
ence of a monogenic form.

Previous studies suggested the presence of a genetic predispo-
sition to lymphoma. In genome-wide association studies, over 250 
common genetic variants were significantly associated with lym-
phoma risk, but the risk of most associated variants was low (median 
OR, 1.26; interquartile range, 1.15–1.42),23 and clinical applications 
of those variants, such as risk stratification, are insufficient.5,24 
In general, the frequency and impact of germline variants are in-
versely correlated, while rare variants are known to cause mono-
genic form.25 Regarding rare variants with high risk, a few studies 
have evaluated the association of lymphoma risk in whole-genome 
sequencing or whole-exome sequencing from the aspect of the ger-
mline in a limited sample size.26 To increase the statistical power in 
the present study, we focused on the cancer-predisposing genes in 
a larger number of samples to identify germline pathogenic variants 
associated with a high lymphoma risk and heterogeneous impact of 
the pathogenic variant across the subtypes.

A limitation of this study should be noted: in the exploration of 
the characteristics of germline pathogenic variant carriers, the po-
tential of alpha errors cannot be ruled out. Although our present 
study is one of the largest studies, further extensive evaluations to 
confirm our results are warranted.

In conclusion, we identified significant associations between 
BRCA1 and BRCA2 and marginal associations of ATM and TP53 with 
lymphoma risk. Moreover, these genes were especially associated 
with an increased risk of MCL. Our results would provide novel in-
sights concerning monogenic form into lymphoma classification. 
Some lymphoma patients may benefit from surveillance and tar-
geted treatment like other neoplasms.
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