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Abstract

Background Pancreatic cancer (PC) is categorized as a

neoplasm associated with Lynch syndrome; however, the

precise proportion of PC patients harboring DNA mismatch

repair genes (MMR genes) remains unclear, especially in

the Asian population.

Methods Among 304 Japanese patients with pathologically

proven pancreatic ductal adenocarcinoma, we selected 20

(6.6%) patients with a personal or family history involving

first- or second-degree relatives fulfilling the revised

Bethesda guidelines (RBG), defined as RBG-compatible

cases. We analyzed germline variants in 21 genes related to

a hereditary predisposition for cancer as well as clinical

features in all 20 cases.

Results The RBG-compatible cases did not show any

unique clinicopathological features. Targeted sequencing

data revealed three patients carrying deleterious or likely

deleterious variants. Specifically, these three patients

harbored a nonsense variant in ATM, a frameshift variant in

ATM, and a concurrent nonsense variant in PMS2 and

missense variant in CHEK2 (double-mutation carrier),

respectively. Although an MMR gene mutation was iden-

tified in only one of the 20 patients, up to 15% of the RBG-

compatible PC cases were associated with germline dele-

terious or likely deleterious variants.

Conclusions These findings showed that these guidelines

could be useful for identifying PC patients with DNA

damage repair genes as well as MMR genes.

Keywords Pancreatic cancer � Lynch syndrome � DNA

mismatch repair genes � Revised Bethesda guidelines �
Germline variants

Introduction

Overcoming the poor prognosis of pancreatic cancer (PC)

remains one of the most challenging problems for onco-

logical researchers and clinicians. PC was ranked as the

seventh leading cause of cancer-related mortality world-

wide in 2012, contributing to approximately 331,000

deaths per year [1]. Although new diagnosis and treatment

strategies have shown steady clinical impacts on patients

with PC, the prognosis remains dismal with a 5-year sur-

vival rate of 8% in the USA and Japan [http://seer.cancer.

gov/statfacts/html/pancreas.html; http://ganjoho.jp/data/

reg_stat/statistics/brochure/2016/cancer_statistics_2016_

date_J.pdf].

Research in the last few decades has provided a deeper

understanding of hereditary cancer risks, led to the iden-

tification of hereditary cancer susceptibility genes, and

contributed significant advancements in genetic testing

technology. Several hereditary syndromes with potential

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00535-018-1466-y) contains supple-
mentary material, which is available to authorized users.

& Chigusa Morizane

cmorizan@ncc.go.jp

1 Laboratory of Clinical Genomics, National Cancer Center

Research Institute, Tokyo, Japan

2 Department of Hepatobiliary and Pancreatic Oncology,

National Cancer Center Hospital, 5-1-1 Tsukiji, Chuo-ku,

Tokyo 1040045, Japan

3 Department of Hepatobiliary and Pancreatic Surgery,

National Cancer Center Hospital, Tokyo, Japan

4 Department of Cancer Genome Informatics, Graduate School

of Medicine/Faculty of Medicine, Osaka University, Osaka,

Japan

123

J Gastroenterol (2018) 53:1159–1167

https://doi.org/10.1007/s00535-018-1466-y

http://seer.cancer.gov/statfacts/html/pancreas.html
http://seer.cancer.gov/statfacts/html/pancreas.html
http://ganjoho.jp/data/reg_stat/statistics/brochure/2016/cancer_statistics_2016_date_J.pdf
http://ganjoho.jp/data/reg_stat/statistics/brochure/2016/cancer_statistics_2016_date_J.pdf
http://ganjoho.jp/data/reg_stat/statistics/brochure/2016/cancer_statistics_2016_date_J.pdf
https://doi.org/10.1007/s00535-018-1466-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s00535-018-1466-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00535-018-1466-y&amp;domain=pdf
https://doi.org/10.1007/s00535-018-1466-y


germline mutations, such as hereditary breast and ovarian

cancer syndrome, are considered to be high-risk factors for

the development of PC [2]. According to the revised

Bethesda guidelines (RBG) published in 2004, PC is cat-

egorized as a neoplasm associated with a form of heredi-

tary non-polyposis colorectal cancer termed Lynch

syndrome (LS), which is genetically characterized by the

existence of germline mutations in DNA mismatch repair

genes (MMR genes), including MLH1, MSH2, MSH6,

PMS1, and PMS2 [3]. A recent prospective observational

study based on the LS database demonstrated that the rel-

ative cumulative incidence of PC at 75 years was 7.8%

among MLH1 mutation carriers [4]. LS represents a social

concern since this disorder is genetically inherited from

parents to offspring; thus, gene screening and genetic

counseling for relatives are typically included upon diag-

nosis, which is expected to help achieve early detection or

prevention in healthy relatives. In addition, an immune

checkpoint blockade treatment strategy has shown striking

anti-tumor activity for an increasing number of neoplasms.

The dramatic success of immune checkpoint inhibitors,

especially for the treatment of MMR-deficient tumors, is

currently one of the most exciting topics in cancer treat-

ment [5, 6]. Although there have been a few studies related

to MMR-deficient PC, these have been mainly conducted

in Caucasian populations, and the prevalence of MMR

gene mutations in the Asian population has not yet been

fully revealed [7–10]. To fill this knowledge gap, in the

present study, we screened Japanese PC patients meeting

the RBG, which is currently the most sensitive criteria for

the identification of MMR gene mutation carriers. The

RBG was originally established for testing colorectal can-

cers for microsatellite instability (MSI), and the compati-

bility of each case is comprehensively judged following the

age of onset, the presence of synchronous/metachronous

colorectal or other LS-associated tumors, histology, and a

family history [3]. Here, we selected PC patients with a

personal or family history of first- or second-degree rela-

tives fulfilling the RBG. We defined these patients as RBG-

compatible cases, and analyzed their clinical features and

germline variants among genes known to be related to a

hereditary predisposition for cancer. These results and

further investigation of patients with deficient MMR pro-

teins will have great clinical relevance with promise to

improve treatment success and options, despite the gener-

ally low prevalence of these mutations.

Methods

Study design

We reviewed the National Cancer Center Hospital database

of patients with pathologically proven pancreatic ductal

adenocarcinoma between 2007 and 2013. Clinical data

reviewed included gender, age, tumor location, histology of

PC, UICC stage at diagnosis, smoking history, history of

any cancer, and family history of any cancer within first-

and second-degree relatives. After excluding cases with

insufficient data, a total of 304 patients were further ana-

lyzed. Among these, we ultimately selected 20 patients

with a personal or family history of first- or second-degree

relatives fulfilling the RBG criteria and compared their

clinical features with those of 284 other patients. This

study was reviewed and approved by the Institutional

Review Board of the National Cancer Center and was

conducted in accordance with the precepts established by

the Helsinki Declaration. A flow diagram of the patient

selection process is shown in Fig. 1.

Next-generation sequencing of 21 genes associated

with hereditary predispositions for cancer

Germline DNA samples were available for all 20 PC

patients compatible with RBG from the National Cancer

Center Biobank, Japan. A custom targeted-capture kit was

designed using NimbleDesign (NimbleGen, Madison, WI,

Patients with pathologically proven PDAC in NCCH 
between 2007 and 2013

RBG

Cases with insufficient medical 
interview sheets/ medical records  

304 PDAC patients

20 patients with a personal or 
family history of first/second-
degree relatives fulfilling RBG 

Other 284 patients

Targeted-sequencing for 21 genes 
related to hereditary predisposition 
for cancer

Fig. 1 Flow diagram of the patient selection process. Among 304

patients with pathologically proven pancreatic ductal adenocarci-

noma, 20 patients with a personal or family history of first- or second-

degree relatives fulfilling the revised Bethesda guidelines were

selected, and germline variants for 21 genes related to a hereditary

predisposition for cancer were analyzed for these cases. NCCH

National Cancer Center Hospital, PDAC pancreatic ductal adenocar-

cinoma, RBG the revised Bethesda guidelines
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USA) targeting the exons and splice sites of 21 genes

known to be associated with hereditary predispositions for

pancreatic, breast, and ovarian cancers (ATM, BARD1,

BRCA1, BRCA2, BRIP1, CDH1, CHEK2, MLH1, MRE11,

MSH2, MSH6, MUTYH, NBN, PALB2, PMS1, PMS2,

PTEN, RAD50, RAD51C, STK11, and TP53). Manual

library preparation was conducted using the SeqCap EZ

Library (NimbleGen) and KAPA Library Preparation Kits

(Kapa Biosysytems, Wilmington, MA, USA). Targeted-

capture sequencing was performed on Illumina HiSeq2500

platforms (Illumina, San Diego, CA, USA). With the intent

to maximize sensitivity of detecting variants, no variant

quality filters were applied. Bases were called using Illu-

mina BCLFAST2 (Illumina). Paired-end reads were

aligned to the human reference genome (GRCh37) using

the Burrows–Wheeler Aligner (BWA), and Genome

Analysis Toolkit (GATK) was used to detect single-nu-

cleotide substitutions and small insertions and deletions

(https://www.broadinstitute.org/gatk/) [11, 12].

Classification of detected variants

Variants in 21 genes were considered for variant charac-

terization if they were: (1) called as non-reference by

GATK; (2) predicted to affect the protein sequence or the

splice site (i.e., ± 5 base pairs); and (3) had an allele fre-

quency of less than 1% in the 1000 Genomes Project

[13, 14], dbSNP [15], or Japanese Genetic Variation

database (Human Genetic Variation Browser, http://www.

genome.med.kyoto-u.ac.jp/SnpDB/ and Integrative Japa-

nese Genome Variation Database, https://ijgvd.megabank.

tohoku.ac.jp/).

All variants were classified according to ClinVar [16].

Moreover, variants in MLH1, MSH2, MSH6, MUTYH,

PMS2, and STK11, and those in BRCA1, BRCA2, BRIP1,

PALB2, and RAD51C were analyzed based on the InSiGHT

consortium database (http://insight-group.org/variants/data

base/) [17] and the Leiden Open Variation Database (http://

www.lovd.nl/3.0/home) [18], respectively.

Rare non-synonymous variants not found in these

databases were classified based on the predicted effect on

the protein product. Nonsense variants and variants

changing the canonical splice sites (i.e., ± 2 base pairs),

and frameshift insertions and deletions were judged as

deleterious unless they occurred in the last exon. As for the

identification of functional missense mutations, SIFT

(http://sift.jcvi.org) [19], PolyPhen-2 (http://genetics.bwh.

harvard.edu/pph2/) [20], MutationTaster (http://www.

mutationtaster.org) [21], and Functional Analysis through

Hidden Markov Models (FATHMM) (http://fathmm.bio

compute.org.uk) [22–24] were employed. According to the

above algorithm and a literature review, each variant was

comprehensively classified as deleterious, benign, or VUS.

Sanger sequencing for validation of variants

Variants classified as deleterious or likely deleterious in

targeted-capture sequencing were validated by Sanger

sequencing. Polymerase chain reaction (PCR) amplifica-

tion was performed using 20 ng of gDNA with intronic

primers flanking the targeted exons, and the products were

sequenced with the M13F primer (50-GTAAAAC-

GACGGCCAGT-30) or M13R primer (50-CAGGAAA-

CAGCTATGACC-30). These results were analyzed with

Sequencher 5.0.1 software (Gene Codes, Ann Arbor, MI,

USA).

Statistical analysis

Differences in categorical variables between RBG-com-

patible patients and other patients were analyzed using

Fisher’s exact test, and two-sided P values below 0.05 were

considered statistically significant. Statistical analysis was

performed using EZR version 1.32 (Saitama Medical

Center, Jichi Medical University), which is a graphical user

interface for R (The R Foundation for Statistical Comput-

ing, Vienna, Austria, 2007. http://www.R-project.org/,

version 3.2.2).

Results

Clinical data in patients with pathologically proven

pancreatic ductal adenocarcinoma

Clinical data for the 304 patients included in this study are

summarized in Table 1. Among the 20 RBG-compatible

patients, the age at diagnosis ranged from 46 to 79, the

percentage of smokers was 45%, and UICC stage at diag-

nosis was IA–IIB in 8 (40%), III in 6 (30%), and IV in 6

(30%) patients, respectively. There were no significant

differences between RBG-compatible patients and the

other 284 cases in terms of age, gender, smoking history,

tumor location, and UICC stage. The clinicopathological

features in the RBG-compatible cases are summarized in

Table 2. All cases were histologically typical adenocarci-

noma, and no unique subtypes were observed. Nine

patients had a history of any cancer, including seven with

colorectal cancer and one with cecal cancer. Most of above

eight cases received treatments for colorectal or cecal

cancer in another hospital, and tumor tissues for

immunohistochemistry of MMR proteins or MSI testing

were unavailable. In addition, 8 patients met the RBG

criteria themselves, whereas RBG compatibility was evi-

dent for first- or second-degree relatives in the 13 other

patients; in one case, both the patient (ID-17) and his rel-

atives concurrently met the criteria. No patients or their
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relatives compatible with RBG criteria fulfilled the Ams-

terdam II criteria, which is more specific for the identifi-

cation of MMR gene mutation carriers.

Analysis of germline variants

The average unique coverage depth was 575 9 (range

217–1129 9). The patients with a family history of LS had

18 polymorphisms on average (range 13–22) in the above

21 targeted genes. Four variants in three patients were

considered to be deleterious or likely deleterious, including

two in ATM, one in PMS2, and one in CHEK2, which were

verified successfully with Sanger sequencing (Table 3;

Fig. 2a–c). Double germline mutations in PMS2 and

CHEK2 were detected in Patient ID-5. In detail, the ATM

variant p.Arg2486Ter detected in Patient ID-3 was a non-

sense variant and was categorized as deleterious according

to ClinVar. Another variant of ATM, p.Ala2391ValfsX10,

detected in Patient ID-19 was a frameshift mutation and

was categorized as deleterious on the basis of causing a

structural change of the protein product. The PMS2 gene

variant p.Arg211Ter was detected as a nonsense variant in

Patient ID-5, which was classified as deleterious according

to ClinVar, and is listed in the InSiGHT consortium data-

base under an interpretation of unknown pathogenicity.

The missense CHEK2 variant p.His371Tyr was also

detected in Patient ID-5 and was classified as likely dele-

terious based on dbSNP data, in spite of a conflicting

interpretation in ClinVar. Liu et al. [25] identified this

variant in Chinese breast cancer patients and concluded it

was significantly associated with increased breast cancer

risk. The same variant was detected in a breast cancer

patient by Baloch et al. [26] and Chen et al. [27], and in

diffuse large B-cell lymphoma patients by de Miranda et al.

[28]. This amino acid change (p.His371Tyr) occurs within

the activation loop of the kinase domain of CHEK2 pro-

tein, and was comprehensively considered as likely dele-

terious. The other 21 variants detected in the 13 patients

were classified as variants of unknown significance (VUS),

which are listed in Supplementary Table S1.

Discussion

We retrospectively selected 20 RBG-compatible patients

among 304 PC patients and analyzed their germline vari-

ants for genes known to be related to a hereditary predis-

position for cancer. Among the PC patients, 6.6% were

identified as RBG-compatible, 5% of whom (0.3% of all

PC patients) harbored a germline mutation in an LS-related

gene (PMS2). In addition, the PMS2 mutation carrier was

also identified to harbor a CHEK2 mutation as double-

mutation carrier, and two other patients were identified to

harbor an ATM mutation. In terms of histopathology, pre-

vious studies have described poorly differentiated or

medullary carcinoma as a characteristic for LS-related PC,

Table 1 Clinical data in

patients with pathologically

proven pancreatic ductal

adenocarcinoma

RBG-compatible patients (N = 20) Other patients (N = 284) P value

Age 0.71

- 49 2 (10%) 25 (9%)

50–69 11 (55%) 178 (63%)

70 - 7 (35%) 81 (29%)

Gender 0.82

Male 12 (60%) 160 (56%)

Female 8 (40%) 124 (44%)

Smoking 9 (45%) 152 (54%) 0.50

Tumor location 0.57

Head 9 (45%) 124 (44%)

Body/tail 10 (50%) 148 (52%)

Whole 1 (5%) 7 (2%)

UICC stage 0.23

IA 1 (5%) 6 (2%)

IB 1 (5%) 9 (3%)

IIA 3 (15%) 34 (12%)

IIB 3 (15%) 24 (8%)

III 6 (30%) 62 (22%)

IV 6 (30%) 147 (52%)

RBG the revised Bethesda guidelines
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whereas the histopathology of our patient (ID-5) harboring

a PMS2 germline mutation was moderately differentiated

adenocarcinoma [25, 26].

In regard to LS-related genes, Gargiulo et al. [9]

reported 14% (19/135) of Italian PC patients as RBG-

compatible. DNA material was available for 11 patients,

and 36% (4/11) of the cases harbored a germline mutation

in MLH1 or MSH2. In our study, the prevalence of RBG-

compatible patients and that of patients harboring germline

mutation of MMR genes were both lower compared with

Gargiulo’s report. Although the precise reason for this

difference is unclear, it could be related to the smaller

sample size or difference in the ethnicity between the two

cohorts, among other factors. Approximately 20–40% of

colorectal cancer patients have been reported to fulfill the

RBG criteria, and 0.7–3.6% of all colorectal cancer

patients harbor germline mutations of MMR genes

[29–35]. This prevalence was also much lower in our

study, which could be mainly explained by the lower

baseline incidence of LS among PC patients. As another

possible reason, a previous study revealed that a consid-

erable number of colorectal cancer patients with LS failed

to meet the RBG criteria, which might also be true for PC

patients [35]. Overall, our results suggest that LS can be

identified by the RBG in only a small portion of PC

patients. Recently, universal tumor screening, which entails

routine MSI and/or immunohistochemistry testing for all

colorectal and endometrial cancers, has been proposed as a

highly sensitive screening option in Western countries

[36, 37]. However, because of the overall low prevalence

of LS patients, this exhaustive approach is not realistic in

terms of cost-effectiveness in clinical practice for patients

Table 3 Deleterious/likely deleterious variants in RBG-compatible patients

Patient

ID

Gene 1000 genomes

browser

Nucleotide change Type of

mutation

Amino acid change Subregion dbSNP

3 ATM rs587779865 c.7456 C[T Nonsense p.Arg2486Ter CDS49 Pathogenic

5 PMS2 rs760228510 c.631 C[T Nonsense p.Arg211Ter CDS6 Pathogenic

5 CHEK2 rs531398630 c.1111 C[T Missense p.His371Tyr CDS10 Likely

pathogenic

19 ATM – c.7171_7175

delGCCCG

Frameshift p.Ala2391ValfsX10 CDS48 –

Patient ID ClinVar SIFT PolyPhen2 MutationTaster FATHMM Our interpretation

3 Pathogenic – – – – Deleterious

5 Pathogenic – – – – Deleterious

5 Conflicting – Benign Disease causing Tolerated Likely deleterious

19 – – – – – Deleterious

RBG the revised Bethesda guidelines

ATM

PMS2

ATM

A

B

C c.7171_7175 delGCCCG

c.631 C>T

c.1111 C>T

CHEK2

c.7456 C>T

Fig. 2 Sanger sequencing analysis for ATM, PMS2, and CHEK2

generated from germline DNA. a Germline variant of ATM in Patient

ID-3. b Germline variants of PMS2 and CHEK2 in Patient ID-5.

c Germline variant of ATM in Patient ID-19
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with PC, although it is an interesting research topic for

achieving a more accurate estimation of the prevalence.

As mentioned above, two variants in ATM and one in

CHEK2 were detected as deleterious or likely deleterious,

indicating that up to 15% of the patients in our RBG-

compatible cohort harbored germline mutations in some

cancer-predisposition genes. This prevalence is comparable

to that reported for familial PC, which is defined as at least

one pair of first-degree relatives diagnosed with PC

[38, 39]. Therefore, the RBG might be useful for selecting

PC patients with any cancer-predisposition genes, includ-

ing non-LS-related genes. ATM was originally considered

to be related to the onset of ataxia telangiectasia, and a

deleterious ATM variant was also shown to increase the

risk of breast cancer [40, 41]. Roberts et al. [42] first

identified a deleterious ATM variant in two relatives with

hereditary PC, and additional analysis showed that the

prevalence of this mutation was high among familial PC

probands or in families with three or more affected mem-

bers. Kim et al. [43] also reported that the loss of ATM

expression (determined by immunohistochemistry) was

conspicuous in patients with a family history of PC. ATM

plays a central role in the repair of DNA double-strand

breaks, and the activation of this gene results in the

phosphorylation and the consequent activation of other

substrates such as p53 and BRCA1. This mechanism sug-

gests potential treatment strategies using synthetic lethal

interactions worthy of clinical investigation [44, 45]. In our

analysis, one patient (Patient ID-3) with a deleterious ATM

variant had a family history of quadruple cancer, including

PC, in her father. The CHK2 protein (encoded by the

CHEK2 gene) is activated in response to DNA damage and

is involved in cell-cycle arrest [45]. Deleterious CHEK2

variants have also been reported to increase the risk of

breast cancer, and another report suggested a possible

contribution of CHEK2 mutations to a small subset of

familial PC cases [46, 47].

There are some limitations of this study that should be

noted. First, tumor specimens were mainly biopsy samples,

and immunohistochemistry for MMR proteins and MSI

testing were not conducted because of the limited sample

quantity. For the identification of MMR mutation carriers,

the RBG proposes a two-step screening strategy with MSI

testing as the first step and analysis of germline variants in

MMR genes as the second. In this case, MSI-high or MMR

protein deficiency is considered as the most important

biomarker of immune checkpoint inhibitors, regardless of

whether the patient harbors mutations in MMR genes [6];

thus, further investigation including MSI or MMR protein

data would be warranted. Second, the number of analyzed

patients was relatively small, which might not be a suffi-

cient sample size to draw a definite conclusion. Moreover,

we did not analyze germline variants in 284 cases not

corresponding to the RBG criteria, which complicated

statistical comparisons about mutation prevalence in DNA

damage repair genes and MMR genes. Finally, our

approach of classifying variants was conservative, in which

all rare non-synonymous variants were classified as VUS.

If some of these VUS are in fact pathogenic, we might have

underestimated the overall prevalence of mutation carriers.

In conclusion, we retrospectively investigated Japanese

PC patients based on the RBG and analyzed germline

variants for genes related to a hereditary predisposition for

cancer. Although an MMR gene mutation was identified in

only one patient, 15% of the patients compatible with the

RBG criteria were found to harbor some germline delete-

rious variants. Thus, while the RBG appears to be useful

for identifying LS in only a small portion of PC patients,

these guidelines could be useful for identifying PC patients

with DNA damage repair genes as well as MMR genes.
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