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A B S T R A C T

Background: National Comprehensive Cancer Network (NCCN) recently recommended germline genetic test-
ing for all pancreatic cancer patients. However, the genes targeted by genetic testing and the feasibility of
selecting patients likely to carry pathogenic variants have not been sufficiently verified. The purpose of this
study was to genetically characterize Japanese patients and examine whether the current guideline is appli-
cable in this population.
Methods: Using targeted sequencing, we analyzed the coding regions of 27 cancer-predisposing genes in 1,005
pancreatic cancer patients and 23,705 controls in Japan. We compared the pathogenic variant frequency between
cases and controls and documented the demographic and clinical characteristics of carrier patients.We then exam-
ined if it was possible to usemachine learning to predict carrier status based on those characteristics.
Findings: We identified 205 pathogenic variants across the 27 genes. Pathogenic variants in BRCA2, ATM, and
BRCA1 were significantly associated with pancreatic cancer. Characteristics associated with carrier status
were inconsistent with previous investigations. Machine learning classifiers had a low performance in deter-
mining the carrier status of pancreatic cancer patients, while the same classifiers, when applied to breast can-
cer data as a positive control, had a higher performance that was comparable to that of the NCCN guideline.
Interpretation: Our findings support the clinical significance of multigene panel testing for pancreatic cancer
and indicate that at least 3.4% of Japanese patients may respond to poly (ADP ribose) polymerase inhibitor
treatments. The difficulty in predicting carrier status suggests that offering germline genetic testing for all
pancreatic cancer patients is reasonable.
Funding: AMED under Grant Number JP19kk0305010 and Australian National Health and Medical Research
funding (ID177524)
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Pancreatic cancer is devastating because of its high mortality rate,
which has increased along with the incidence of the cancer in almost
all countries and territories [1]. According to Japanese cancer statis-
tics [2], the five-year survival rate of pancreatic cancer is the lowest
among those of 19 cancers in the monitoring data of cancer incidence
in Japan (cancers of the skin, larynx, bladder, uterine corpus, prostate,
breast, liver, renal/urinary tract, stomach, uterine cervix, colon, rectal,
thyroid, oral/pharynx, ovary, lung, esophagus, gallbladder/bile duct,
and pancreas). The five-year survival rate for the localized stage of
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Research in context

Evidence before this study

The current National Comprehensive Cancer Network (NCCN)
guideline recommends that all patients with pancreatic cancer
should undergo germline genetic testing for 11 cancer-predis-
posing genes including BRCA1/2 and Lynch syndrome genes.
Despite the importance of reviewing a sufficient number of
investigations to improve the precision and detail of such
guidelines, there have been a few large-scale case-control asso-
ciation studies using a multigene panel in pancreatic cancer.
Additionally, most investigations that examined several hun-
dred patients almost only targeted non-Hispanic European sub-
jects, despite interethnic differences in susceptibility to
pancreatic cancer. Thus, it is unclear whether the current NCCN
guideline recommendation based on findings from the Euro-
pean population is reproducible and applicable to other
populations.

Added value of this study

Using amplicon target sequencing, germline pathogenic var-
iants in the coding region of 27 cancer-predisposing genes
were found in 6.7% of 1005 Japanese patients with pancreatic
cancer. By comparing with 23,705 Japanese controls, BRCA2
(P = 2.723£ 10�18 [two-sided Fisher’s exact test], OR = 14.7, 95%
CI = 8.5‒24.9), ATM (P = 3.168£ 10�11 [two-sided Fisher’s exact
test], OR = 10.7, 95% CI = 5.7‒19.5), and BRCA1 (P = 3.333£ 10�7

[two-sided Fisher’s exact test], OR = 13.4, 95% CI = 5.2‒32.2)
were identified as statistically significant causative genes.
When analyzing the association between pathogenic variants
in the three genes and demographic and clinical characteristics,
carriers were more likely to have a family history of gastric
(P = 0.028 [two-sided Fisher’s exact test], OR = 2.0, 95% CI = 1.0
to 3.7) and ovarian (P = 0.045 [two-sided Fisher’s exact test],
OR = 7.7, 95% CI = 0.7‒48.6) cancers and severe lymphovascular
invasion (P = 0.018 [Cochran-Armitage test]). Machine learning
using six classifiers did not exhibit practical predictive perform-
ances for identifying patients with pathogenic variants in pan-
creatic cancer (AUC: 0.514‒0.561).

Implications of all the available evidence

BRCA1/2 and ATM are important genes for pancreatic cancer not
only in the European population but also in the Japanese popu-
lation. The proportion of patients with pathogenic variants in
the Japanese population (5.1%) was almost the same as that in
the European population (4.8%). However, predicting a carrier
of a pathogenic variant based on clinical and demographic char-
acteristics was found to be difficult, even when using machine
learning classifiers. Thus, offering germline genetic testing for
all pancreatic cancer patients would be a reasonable strategy.
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pancreatic cancer (6.1% of patients are diagnosed at this stage) is
38.6%, that of the regional stage (32.3%) is 10.2%, and that of the dis-
tant stage (42.8%) is 1.3%. The prevalence of pancreatic cancer per
100,000 individuals in Japan is 6.4 [3], and the proportion of familial
pancreatic cancer in Japan is 7.5% of all pancreatic cancer patients [4],
both of which are comparable to those in Western counties. Germline
pathogenic variants in cancer-predisposing genes (e.g. BRCA1/2, ATM,
CDKN2A, MSH6, PALB2, TP53, APC, BARD1, BRIP, CHEK2, NBN, PMS2,
RAD51, and RAD51C) have been identified in nearly 10% of patients
with pancreatic cancer [5-7]. Identifying a germline variant in a sus-
ceptibility gene not only would assist with early detection of at-risk
individuals in the general population who would benefit from longi-
tudinal surveillance programs [8], but also would be beneficial for
selecting poly (ADP ribose) polymerase (PARP) inhibitor treatments
for BRCA1/2 genes [9] and for developing cancer prevention strategies
for relatives of cancer patients [10]. However, several studies pointed
out the difficulty of selecting patients with a pathogenic variant
because an effective predictor for identifying those patients has not
been identified [5,7,11,12].

The current National Comprehensive Cancer Network (NCCN)
guideline (Genetic/Familial High-Risk Assessment: Breast, Ovarian,
and Pancreatic, version 1.2020) recommends that all patients with
pancreatic cancer undergo germline genetic testing for BRCA1/2,
ATM, CDKN2A, Lynch syndrome genes (MLH1, MSH2, MSH6, EPCAM),
PALB2, STK11, TP53 [13]. Despite the importance of reviewing a suffi-
cient number of investigations to improve the precision and detail of
such guidelines, there has been only two large-scale case-control
association studies, conducted by the same research group, using a
multigene panel that examined over 1000 patients with pancreatic
cancer [7,14]. Additionally, most investigations that examined several
hundred patients almost only targeted non-Hispanic European sub-
jects [5,7,11,12], despite interethnic differences in susceptibility to
pancreatic cancer [15]. We have previously identified differences in
genetic characteristics of Japanese breast and prostate cancer patients
compared to European patients [16,17]. Thus, it is unclear whether
the current NCCN guideline recommendation based on findings from
the European population is reproducible and applicable to other pop-
ulations.

To examine the applicability of the current guideline to pancreatic
cancer germline genetic testing in Japan, we first performed a genetic
characterization of Japanese patients with pancreatic cancer based
on a large case-control sequencing association study, and then docu-
mented the demographic and clinical characteristics of patients with
pathogenic variants. We also examined whether pathogenic variant
carrier status is predictable based on demographic and clinical char-
acteristics using machine learning techniques.

2. Materials and methods

2.1. Study design and participants

We obtained all samples from BioBank Japan [18,19], which is a
multi-institutional, hospital-based registry that collected DNA and
clinical information from patients with various common diseases,
including pancreatic cancer [19], throughout Japan between 2003
and 2018. Clinical characteristics of cancer patients and control indi-
viduals were collected with interviews or medical record survey
using a standard questionnaire at the point of entry to BioBank Japan.
In this study, we analyzed the DNA of all 1009 pancreatic cancer
patients available when requested (March 2018). We used data from
23,780 controls, as in our previous study investigating germline path-
ogenic variants in colorectal cancer patients [16,17,20]. All partici-
pants provided written informed consent. The study was approved
by the ethical committees of the Institute of Medical Sciences, the
University of Tokyo, and the RIKEN Center for Integrative Medical Sci-
ences (Approval number: 17�17�16(8)).

2.2. Sequencing and bioinformatics analysis

We analyzed 27 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 are known cancer susceptibility
genes and include the 11 genes recommended for germline testing
for pancreatic cancer by the NCCN guideline but also other cancer
susceptibility genes included in Myriad myRisk Hereditary Cancer
Test [21]. We analyzed the complete coding regions and 2-bp
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flanking intronic sequences of all 27 genes (84,822 bp), except exons
10 � 15 of PMS2 due to the presence of PMS2 pseudogene [22], using
a multiplex polymerase chain reaction�based targeted sequence
method [23]. We identified genetic variants, as described in our pre-
vious studies [16,17].

2.3. Annotation of variants

We determined the clinical significance (pathogenic, benign, or
uncertain) of all variants as in our previous study [20], using the
American College of Medical Genetics and Genomics and the Associa-
tion for Molecular Pathology (ACMG/AMP) guidelines (Supplemen-
tary Table 1) [24,25]. We considered variants to be pathogenic if they
were classified as such by the ACMG/AMP guidelines and/or by Clin-
Var interpretation irrespective of review status [26]. Variants not reg-
istered in ClinVar at May 20, 2019 were considered novel.

2.4. Predicting pathogenic variant carrier status using machine learning

To take advantage of 65 demographic and clinical characteristics
collected from patients of BioBank Japan, we attempted to predict
the pathogenic variant carrier status of patients using machine learn-
ing techniques. Machine learning performance was assessed using
six types of supervised machine learning classifiers: random forest,
gradient boosting machine, conditional random forest, naive bayes,
neural network, and support vector machine. We also used a multiple
logistic regression classifier as the baseline. All classifiers were imple-
mented using the R package “caret” (ver. 6.0.84) [27]. Down-sam-
pling was used to correct for imbalances between the number of
cases and the number of control samples in training data. Classifiers
were trained using repeated 10-fold cross-validation of the training
dataset, and their predictive performances were evaluated based on
the area under the ROC curve (AUC) using “pROC” (ver. 1.15.3) [28].
Hyperparameters tuned by grid-search (the number of levels for each
tuning parameter, 3) are shown in Supplementary Table 2. Variables
missing in over 50% of samples were excluded from analysis; 52 vari-
ables used in machine learning analysis are shown in Supplementary
Table 3. Finally, 721 pancreatic cancer cases with complete data
across 52 variables were applied to each of the six classifiers to pre-
dict the carrier status of pathogenic variants in genes associated with
pancreatic cancer.

To confirm the predictive performance of the classifiers, we
applied the same procedure to breast cancer data as a positive con-
trol, because breast cancer has practical criteria for predicting the car-
rier status of pathogenic variants [13]. For breast cancer patients, we
analyzed germline pathogenic variant data and patient information
across 65 characteristics. Sample collection, sequencing, and variant
annotation of the data were conducted according to the same proce-
dures as the present study [17]. The same machine learning classifiers
and criteria for variable selection as those used to analyze the pancre-
atic cancer data were applied. Finally, 2496 breast cancer cases with-
out missing data across 48 variables were used to predict the carrier
status of pathogenic variants in four genes significantly associated
with breast cancer (BRCA1, BRCA2, TP53, and PALB2) (Supplementary
Table 3). To evaluate the effect of sample size on machine learning
performance, we assessed the AUC of the random forest prediction
using the same number of breast cancer samples as the number of
pancreatic cancer samples. We randomly selected 721 breast cancer
cases from the training and test cohorts. To reduce any potential bias
due to random selection, we generated 100 sets of data for evalua-
tion.

2.5. Statistical analysis

Case-control association analysis was performed using a two-
sided Fisher’s exact test with a recessive model for MUTYH and with
dominant models for the other genes. Bonferroni correction was
applied for the association analysis between each of 24 genes with
pathogenic variants and pancreatic cancer (P < 0.003 = 0.05/24).
Median survival time for carriers and non-carriers of pathogenic var-
iants of a subset of genes (BRCA1, BRCA2, and ATM) was estimated
using the Kaplan-Meier method, with a log-rank test for significance
of the survival distribution using R package “survival” (ver. 2.44.1.1)
[29]. A multivariable Cox regression model that adjusted for age at
diagnosis and cancer stage was also used, along with a Wald test for
the statistical significance of the relationship between carrier status
and survival hazard. The patient population used for survival analysis
was restricted to a subset of 351 pancreatic cancer cases that were
enrolled in BioBank Japan within 3 months (� 92 days) of diagnosis.
In addition, to investigate the association between other demo-
graphic and clinical characteristics and pathogenic variants in any
genes significantly associated with pancreatic cancer, we used t-tests
for continuous variables and Fisher’s exact tests or Cochran-Armitage
tests for discrete variables. When a characteristic showed a signifi-
cant association, we separately analyzed the association between the
characteristic and pathogenic variants in each individual gene. These
statistical tests were two-sided, and values of P < 0.05 were consid-
ered statistically significant. All analyses were performed using the R
statistical package (ver. 3.5.1).

2.6. Role of the funding source

The funders had no role in study design, data collection, data anal-
ysis, data interpretation, or writing of the Article. KeM, YI, ME, and
YuM had access to the raw data. The corresponding author had full
access to all of the data and the final responsibility for the decision to
submit for publication.

3. Results

3.1. Patient characteristics

We fully analyzed 1009 pancreatic cancer cases and 23,780 con-
trols. The mean age at diagnosis of pancreatic cancer was 67.2 years
(standard deviation = 9.9) (Table 1). The incidence of pancreatic can-
cer was higher in males (62.0% of cases) than in females (38.0% of
cases, P = 4.236£ 10�9 [t-test]). There were significantly higher rates
of positive smoking and alcohol history among cancer cases (59.8%
and 55.0% of cases, respectively) than among controls (46.9% and
45.9% of cases, respectively; P = 2.762£ 10�16 and 5.045£ 10�9 [two-
sided Fisher’s exact test], respectively). Personal history of any other
cancer was reported by 15.1% of patients. First- and second-degree
relatives were included in the analysis for familial history. Family his-
tory of any cancer was reported by 57.0% of patients. Family history of
pancreatic cancer was observed in 8.1% of cases. Other clinical char-
acteristics of cases are shown in Supplementary Table 4.

3.2. Pathogenic germline variants

Sequencing analysis covered � 20 sequence reads in 99.95% of the
target region in 27 genes and identified 3610 genetic variants in
1005 patients and 23,705 controls. Among them, 65 variants had a
minor allele frequency (MAF) > 5%, 202 variants MAF � 5% and
> 0.1%, and 3343 variants MAF � 0.1% in controls. According to the
ACMG/AMP guidelines, we categorized the variants as follows: 14
pathogenic, 147 likely pathogenic, 133 benign, 227 likely benign, and
3089 variants of uncertain significance (VUS) with insufficient evi-
dence. Three variants designated as pathogenic using our application
of the ACMG/AMP criteria had a MAF > 0.05% in controls, P > 0.05
[two-sided Fisher’s exact test], and OR < 2, and were thus considered
to represent at best low-risk variants and were removed from subse-
quent analyses (Supplementary Table 5): p.Arg223Cys in CHEK2



Table 1
Demographic and clinical characteristics of study participants.

Characteristic PC patients No. (%) Controls No. (%)

No. of participants 1009 (100) 23,780 (100)
Mean age at entry § SD,
(range), y

67.71§ 9.77 (27 - 96) 71.11§ 7.25 (60 - 105)*

Mean age at diagnosis §
SD, (range), y

67.17§ 9.92 (24 - 96) �

Sexy

Male 626 (62.0) 12,520 (52.6)
Female 383 (38.0) 11,260 (47.4)

Smoking historyy

Yes 603 (59.8) 11,155 (46.9)
No 397 (39.3) 12,523 (52.7)
Missing 9 (0.9) 102 (0.4)

Alcohol historyy

Yes 555 (55.0) 10,907 (45.9)
No 443 (43.9) 12,731 (53.5)
Missing 11 (1.1) 142 (0.6)

BMI at diagnosis § SD,
(range), kg/m2

20.85§ 3.31 (12.2 -
37.9)

�

Personal history of can-
cer(s) other than PC
Yes 152 (15.1) 0 (0)*
No 857 (84.9) 23,780 (100)*

Family history of cancer
(s)
Yes 575 (57.0) 0 (0)*
No 434 (43.0) 23,780 (100)*

Stage of cancer
0 10 (1.0) �
I 42 (4.2) �
II 46 (4.6) �
III 92 (9.1) �
IVa 112 (11.1) �
IVb 88 (8.7) �
Missing 619 (61.3) �

* Controls who were 60 years old or over and did not have personal nor family
history of cancers were used.

y P-value: 4.236£ 10�9 in sex, 2.762£ 10�16 in smoking history, and
5.045£ 10�9 in alcohol history. PC, pancreatic cancer; BMI, body mass index; SD,
standard deviation.
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(present in 0.20% of cases and in 0.21% of controls, P = 1.000, OR = 1.0,
95% confidence interval [CI] = 0.1‒3.7), p.Arg562* in CHEK2 (present
in 0% of cases and in 0.05% of controls, P = 1.000, OR = 0.0, 95%
CI = 0.0‒8.5), and p.Lys111fs in RAD51D (present in 0.10% of cases and
in 0.14% of controls, P = 1.000, OR = 0.7, 95% CI = 0.0‒4.4). Incorporat-
ing the ClinVar interpretation, we finally considered 205, 3, 787, and
2615 variants as (likely) pathogenic, low-risk, (likely) benign, and
VUS, respectively. Single-variant association results are shown in
Supplementary Table 5 for the 205 pathogenic and the 3 low-risk var-
iants and in Supplementary Table 6 for 787 benign variants and the
2615 VUS.

We focused on the 205 pathogenic variants. We compared the fre-
quency of pathogenic variant carriers in cancer cases with those in
controls (Table 2). In total, 67 patients (6.7%) and 225 control partici-
pants (1.0%) carried a pathogenic variant in one of 27 genes
(P = 1.525£ 10�31 [two-sided Fisher’s exact test], OR = 7.5, 95%
CI = 5.5‒9.9). Six genes (BRCA2, ATM, BRCA1, APC, PALB2, and CDKN2A)
had values of P < 0.05 [two-sided Fisher’s exact test]. BRCA2
(P = 2.723£ 10�18 [two-sided Fisher’s exact test], OR = 14.7, 95%
CI = 8.5‒24.9), ATM (P = 3.168£ 10�11 [two-sided Fisher’s exact test],
OR = 10.7, 95% CI = 5.7‒19.5), and BRCA1 (P = 3.333£ 10�7 [two-sided
Fisher’s exact test], OR = 13.4, 95% CI = 5.2‒32.2) were significantly
associated with pancreatic cancer after Bonferroni correction.
Although the direction of OR in APC (OR = 23.6, No. of carrier
cases = 2), PALB2 (OR = 7.9, No. of carrier case = 2), and CDKN2A
(OR =1, No. of carrier case = 1) also indicated association, the num-
ber of patients with pathogenic variants in these genes was very lim-
ited. We checked the locations and frequencies of the pathogenic
variants in the three most significantly associated genes (Fig. 1).
Among pathogenic variants in BRCA2, ATM, and BRCA1 in cases, 78.9%
of them were singleton, and the most frequent pathogenic variant
was c.4776+2T>A in ATM (n = 4, P = 3.821£ 10�5 [two-sided Fisher’s
exact test], OR = 47.3, 95% CI = 6.8‒520.7), which were not found in
141,456 individuals in gnomAD 2.1.1 (https://gnomad.broadinstitute.
org/about).
3.3. Associations between germline pathogenic variant carrier status
and survival

The median overall survival time for patients with pathogenic var-
iants in the three genes associated with pancreatic cancer (BRCA2,
ATM, and BRCA1) was 0.97 years (95% CI, 0.48�1.60 years), whereas
that for patients without pathogenic variants was 0.92 years (95% CI,
0.81�1.04 years). The association between the carrier status of path-
ogenic variants in those genes and median survival time was not sta-
tistically significant (P = 0.609 [log-rank test]) (Fig. 2). There was no
difference by carrier status in survival hazard (adjusted by age at
diagnosis and cancer stage) (hazard ratio: 0.85; 95% CI, 0.22�3.33;
P = 0.814 [Wald test]).
3.4. Association of pathogenic variant carrier status with demographic
and clinical characteristics

To investigate the association between pathogenic variants in
the three genes of interest and demographic and clinical charac-
teristics, we compared the characteristics between 51 carrier
patients and 954 non-carrier patients. First, we analyzed the asso-
ciation of carrier status with diagnosis age because there were
clear negative correlations between diagnosis age groups and the
proportion of patients with pathogenic variants in breast [17],
prostate [16], and colorectal [20] cancers. The mean age of carriers
and non-carriers was 67.0 and 67.2 years old, respectively, and no
significant association between carrier status and diagnosis age
was observed (p = 0.932 [t-test]). There was no unidirectional
trend of the carrier frequency in age groups (Supplementary Fig.
1). Next, we analyzed the association of carrier status with the
other characteristics. The carriers more often had a family history
of gastric or ovarian cancers (37.3% vs 23.2% in non-carriers,
P = 0.028 [two-sided Fisher’s exact test], and 3.9% vs 0.5% in non-
carriers, P = 0.045 [two-sided Fisher’s exact test], respectively)
(Supplementary Table 7). Nine of 17 ATM pathogenic variant car-
rier patients (52.9%) had a family history of gastric cancer
(P = 0.008 [two-sided Fisher’s exact test], OR = 3.7, 95% CI = 1.3‒
11.2). Two of 9 BRCA1 pathogenic variant carrier patients (22.2%)
had a family history of ovarian cancer (P = 0.002 [two-sided Fish-
er’s exact test], OR = 52.4, 95% CI = 4.3‒396.7). Regarding the family
history of cancer other than gastric and ovarian cancers and the
personal history of cancers other than pancreatic cancer, there
were no significant associations observed in this study. For exam-
ple, the proportions of carriers and non-carriers with a family his-
tory of breast cancer were 11.8% and 6.1%, respectively (P = 0.131
[two-sided Fisher’s exact test]). A family history of pancreatic can-
cer was identified in 9.8% of carriers and 8.1% of non-carriers
(P = 0.600 [two-sided Fisher’s exact test]). The proportions of car-
riers and non-carriers having at least one first degree relative with
pancreatic cancer were 9.8% and 7.9%, respectively (P = 0.593 [two-
sided Fisher’s exact test]). Pathogenic variants in the three genes
were identified in 5 of 80 patients with at least one first degree
relative (6.3%). Carriers also exhibited severe lymphovascular inva-
sion (P = 0.018 [Cochran-Armitage test]), and ATM and BRCA2 were
individually associated with severe lymphovascular invasion
(P = 0.009 and P = 0.048 [Cochran-Armitage test], respectively)
(Supplementary Table 8).
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Fig 1. Location and number of frequent pathogenic variants in three genes associated with pancreatic cancer. Locations of frequent pathogenic variants found in patients and of
Pfam domains downloaded from the UCSC genome browser table function in proteins are shown with lollipop structures, with the variant type indicated by color. Pink and yellow
circles indicate variants of loss of function and nonsynonymous, respectively. The x-axis reflects the number of amino acid residues. ANAPC5 = anaphase-promoting complex sub-
unit 5; BRCT = BRCA1 C terminus; FAT = FRAP, ATM and TRRAP; FATC = FRAP, ATM, TRRAP C-terminal; PI3_PI4_kinase = phosphatidylinositol 3- and 4-kinase; TAN = telomere-length
maintenance and DNA damage repair; zf-C3HC4 = zinc finger, C3HC4 type; zf-RING=zing finger, RING type.

Table 2
Results of the gene-based association test using pathogenic variants.

Gene No. of
pathogenic variants

Case (n = 1005)
No. of carriers (%)

Control (n = 23,705)
No. of carriers (%)

P-value* OR (95% CI)

BRCA2y 34 25 (2.49) 41 (0.17) 2.723£ 10�18 14.7 (8.5 - 24.9)
ATMy 35 17 (1.69) 38 (0.16) 3.168£ 10�11 10.7 (5.7 - 19.5)
BRCA1y 18 9 (0.90) 16 (0.07) 3.333£ 10�7 13.4 (5.2 - 32.2)
APC 2 2 (0.20) 2 (0.01) 0.009 23.6 (1.7 - 324.7)
PALB2y 8 2 (0.20) 6 (0.03) 0.039 7.9 (0.8 - 44.1)
CDKN2Ay 1 1 (0.10) 0 (0) 0.041 Inf (0.6 - Inf)
MSH6y 13 3 (0.30) 21 (0.09) 0.072 3.4 (0.6 - 11.3)
TP53y 9 2 (0.20) 12 (0.05) 0.109 3.9 (0.4 - 17.7)
PTEN 4 1 (0.10) 3 (0.01) 0.153 7.9 (0.1 - 97.8)
EPCAMy 5 1 (0.10) 4 (0.02) 0.187 5.9 (0.1 - 59.7)
BARD1 8 1 (0.10) 8 (0.03) 0.312 3.0 (0.1 - 22)
BRIP1 8 1 (0.10) 8 (0.03) 0.312 3.0 (0.1 - 22)
MLH1y 5 1 (0.10) 8 (0.03) 0.312 3.0 (0.1 - 22)
CHEK2 8 1 (0.10) 9 (0.04) 0.340 2.6 (0.1 - 19)
MUTYH 9 0 (0) 0 (0) 1 0 (0 - Inf)
NBN 7 0 (0) 8 (0.03) 1 0 (0 - 13.8)
NF1 7 0 (0) 7 (0.03) 1 0 (0 - 16.4)
RAD51C 6 0 (0) 7 (0.03) 1 0 (0 - 16.4)
PMS2 5 0 (0) 10 (0.04) 1 0 (0 - 10.5)
MSH2y 4 0 (0) 4 (0.02) 1 0 (0 - 35.8)
RAD51D 3 0 (0) 6 (0.03) 1 0 (0 - 20)
HOXB13 2 0 (0) 2 (0.01) 1 0 (0 - 125.7)
STK11y 2 0 (0) 2 (0.01) 1 0 (0 - 125.7)
CDH1 1 0 (0) 1 (<0.01) 1 0 (0 - 906.9)
SMAD4 1 0 (0) 2 (0.01) 1 0 (0 - 125.7)
BMPR1A 0 0 (0) 0 (0) 1 0 (0 - Inf)
CDK4 0 0 (0) 0 (0) 1 0 (0 - Inf)
Sum 205 67 (6.67) 225 (0.95) 1.525£ 10�31 7.5 (5.5 - 9.9)

* Fisher’s exact test under a recessive model forMUTYH and dominant model for the other genes.
y Genes described in the NCCN guideline. OR, odds ratio; CI, confidence interval.
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Fig 2. Kaplan-Meier analysis of overall survival for pancreatic cancer patients with and without pathogenic variants in three genes (BRCA1, ATM, and BRCA2).
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3.5. Predicting germline pathogenic variant carrier status using
machine learning

First, we assessed the predictive performance of machine learning
classifiers using breast cancer data with 48 variables as a positive
control. The AUCs of six classifiers using data from 2496 breast cancer
cases ranged from 0.629 to 0.687; random forest, 0.687 (95%
CI = 0.604‒0.769); conditional random forest, 0.686 (95% CI = 0.607‒
0.765); gradient boosting machine, 0.666 (95% CI = 0.574‒0.758);
naive bayes, 0.673 (95% CI = 0.593‒0.754); neural network, 0.629
(95% CI = 0.547‒0.711); support vector machine, 0.667 (95%
CI = 0.580‒0.753) (Fig. 3a). The AUC of a multiple logistic regression
classifier was 0.627 (95% CI = 0.536‒0.718). Next, we assessed if
breast cancer patients met the current NCCN guideline for genetic
breast cancer testing (Supplementary Table 9) [13], and then calcu-
lated the sensitivity and specificity of the criteria (Supplementary
Table 10). The results calculated based on the criteria of ''Testing is
clinically indicated'' indicated 65.9% sensitivity and 61.3% specificity
(Supplementary Table 10). The sensitivity and specificity calculated
based on the criteria of ''Testing may be considered'' in addition to
those of ''Testing is clinically indicated'' were 68.3% and 58.5%,
respectively. Thus, the predictive performance of machine learning
classifiers was equivalent to that of the NCCN guideline criteria for
breast cancer testing (Fig. 3a).

We then applied the same classifiers to the pancreatic cancer data.
Machine learning exhibited poorer predictive performance across all
methods (AUC: random forest, 0.544 [95% CI = 0.439‒0.650]; condi-
tional random forest, 0.555 [95% CI = 0.414‒0.697]; gradient boosting
machine, 0.561 [95% CI = 0.460‒0.663]; naive bayes, 0.544 [95%
CI = 0.415‒0.673]; neural network, 0.550 [95% CI = 0.418‒0.682]; sup-
port vector machine, 0.514 [95% CI = 0.324‒ 0.704]) (Fig. 3b). The AUC
of a multiple logistic regression classifier was 0.562 (95% CI = 0.425‒
0.698).
One hundred sets of reduced breast cancer data were examined to
evaluate the effect of sample size on machine learning performance.
The average performance of the random forest prediction that was
applied to the reduced breast cancer datasets was higher than that of
the prediction applied to pancreatic cancer dataset, although lower
than that of the prediction applied to a complete breast cancer data-
set with 2496 cases (AUC: mean § sd, 0.629§ 0.090) (Fig. 3c). Eigh-
teen of the 100 reduced breast cancer datasets exhibited a lower AUC
than did the pancreatic cancer dataset (Supplementary Fig. 2).

4. Discussion

We identified 205 pathogenic variants in 27 genes of 1005 Japa-
nese patients with pancreatic cancer and 23,705 control individuals
from the same racial and regional background. Pathogenic variants
were found in 6.7% of unselected Japanese pancreatic cancer patients;
BRCA2, ATM, and BRCA1 were identified as statistically significant
causative genes. Only a few demographic and clinical characteristics
were associated with pathogenic variants in patients with pancreatic
cancer. Machine learning classifiers exhibited practical predictive
performances for identifying patients with pathogenic variants in
breast cancer but not for identifying patients with pathogenic var-
iants in pancreatic cancer.

A significant association between pancreatic cancer diagnosis and
pathogenic variant carrier status was observed in BRCA2, ATM, and
BRCA1. As a sensitivity analysis, we conducted a case-control associa-
tion analysis using a subgroup of cases matched to controls (i.e.
> 60 years old and no personal and/or family history of cancer).
Although the number of cases decreased from 1005 to 296, BRCA2,
ATM, and BRCA1 showed P < 0.05 [two-sided Fisher’s exact test] and
the OR was relatively comparable to the original result (Supplemen-
tary Table 11). These genes have also been shown to contribute to
pancreatic cancer in the European population, and are included in



Fig 3. Predictive performance of machine learning for identifying patients with pathogenic variants. ROC curves derived from six supervised machine learning classifiers and multi-
ple logistic regression classifiers for segregating cancer cases with germline pathogenic variants in four genes (BRCA1, BRCA2, TP53, and PALB2) in breast cancer (A), and in three
genes (BRCA1, ATM and BRCA2) in pancreatic cancer (B). ROC curves using random forest and first ten sets from 100 reduced breast cancer data (C). The sensitivity and specificity
(Supplementary Table 10) of predicting the carrier status of breast cancer patients based on the NCCN guideline criteria for germline genetic testing (Supplementary Table 9) are
indicated as follows: £, prediction based on criteria described as ''Testing is clinically indicated'' in the NCCN guideline;~, prediction based on criteria described as ''Testing may be
considered'' as well as ''Testing is clinically indicated''. rf, random forest; cforest, conditional random forest; gbm, gradient boosting machine; nb, naive bayes; nnet, neural network;
svmRadial, support vector machine; glm, multiple logistic regression.
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the NCCN guideline for germline genetic testing criteria for pancre-
atic cancer [7]. In this study, 5.1% of patients with pancreatic cancer
were carriers of pathogenic variants in these three genes, comparable
to the frequency (4.8%) in the largest investigation in the European
population [7]. Because 3.4% of patients harbored pathogenic variants
in either BRCA1 or BRCA2, PARP inhibitors are expected to help many
Japanese patients with pancreatic cancer [9,30]. Patients with patho-
genic variants in ATM may be expected to respond to PARP inhibitor
treatment because ATM is one of homologous recombination DNA
damage repair genes [31]. To our knowledge, there is only a case
study reporting PARP inhibitor treatment for a patient with a germ-
line pathogenic variant in ATM in pancreatic cancer [32], and it would
thus be important to evaluate the effect of PARP inhibitors on a large
number of pancreatic cancer patients with pathogenic variants in
ATM. The three other genes (CDKN2A, TP53, and MLH1) that were
shown to be cancer-associated in a previous investigation [7] were
not observed to be significantly cancer-associated in this study.
Because only one or two carriers of a pathogenic variant in CDKN2A,
TP53, and MLH1 were identified in Japanese pancreatic cancer
patients and their proportions in this study were comparable to those
in the previous study [7], the association of these genes need to be
carefully evaluated based on larger investigation in this population.
Therefore, BRCA1, BRCA2, and ATM were identified as the key genes
commonly contributing to the risk of pancreatic cancer in Japanese
and European populations.

In this study, we identified three characteristics significantly asso-
ciated with carrier status of pathogenic variants among pancreatic
cancer patients: family history of ovarian cancers, family history of
gastric cancers, and lymphovascular invasion. These associations
have not been previously reported. Supplementary Table 12 shows
demographic and clinical characteristics associated with pathogenic
variants in cancer-predisposing genes in five investigations
[5-7,11,33]. The association between carrier status and family history
of gastric cancer was not described anywhere. Pathogenic variants in
ATMmainly explained the association in family history of gastric can-
cer, indirectly reflecting the association between ATM and gastric
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cancer [34]. The association between carrier status and family history
of ovarian cancer was examined in a previous investigation of pan-
creatic cancer [7]. In the investigation, although the proportion of
patients having family history of ovarian cancer was larger in carrier
patients than in non-carrier patients, the association was not signifi-
cant. A significant association between carrier status and lymphovas-
cular invasion was not observed in pancreatic cancer patients in a
previous investigation [6]. Other significant cancer-associated char-
acteristics have been reported in previous investigations (age of
onset, stage of cancer, personal history of cancers other than pancre-
atic cancer, family history of breast cancer and other cancers, and
location of cancer), although the association was not always consis-
tent among those investigations [5-7,11,33]. There was no obvious
tendency for carrier frequencies to change depending on age groups,
making age-based prediction of carrier patients impractical (Supple-
mentary Fig. 1). The lower incidence rate of breast cancer in Japan
than in Western countries might have resulted in the lack of a signifi-
cant association between the carrier status and family history of
breast cancer in this study [3]. Given the lack of common associations
identified across investigations to date (including the present study),
it would appear that individual demographic and clinical characteris-
tics will not be useful to identify pancreatic cancer patients who
should undergo germline genetic testing.

We also examined the potential for predicting pathogenic variant
carrier status using machine learning, a suitable technique for inter-
active high-dimensional data. In this study, we verified the applica-
bility of machine learning for this purpose by using machine learning
to analyze breast cancer data and comparing the results to the predic-
tivity of the criteria used in the NCCN germline genetic testing guide-
line. It should be noted that machine learning was conducted using
unselected variables without any adjustment based on existing
knowledge, whereas NCCN guideline criteria have been polished sev-
eral times according to the findings of various investigations [35]. On
the other hand, the predictive performance of all classifiers was
found to be poor for pancreatic cancer, although the variables used
for pancreatic cancer analyses were collected by a biobank project
like the one used for breast cancer analyses. The most reasonable
explanation is that the association between each characteristic and
carrier status is not so strong in pancreatic cancer, and any combina-
tions of those characteristics is still inadequate for predicting carrier
status.

This study had some limitations. First, because DNA samples in
this study were extracted from peripheral blood, somatic variants
caused by clonal hematopoiesis may be reported as germline muta-
tions especially in TP53 [36]. Compared with germline variants,
mosaic variants usually have a lower variant allele fraction (VAF). The
mean VAF of pathogenic variants in TP53 (N = 12) in this study was
0.354 (min: 0.254, max: 0.482). The median VAF from clonal hemato-
poiesis was 0.03 [37]. Therefore, the variants reported in this study
are most likely to be a germline variant. Second, we allowed for the
presence of comorbidities in the cases and controls recruited in this
study, which might have affected the analysis of the association
between pathogenic variants and pancreatic cancer. We analyzed the
association between pathogenic variants and the personal history of
chronic pancreatitis and diabetes mellitus, which are known to be
risk factors of pancreatic cancer [38]. As no significant association
was observed (P = 0.619 in chronic pancreatitis, P = 0.297 in diabetes
mellitus [two-sided Fisher’s exact test]), at least these diseases were
unlikely to interfere with the analysis of pancreatic cancer and patho-
genic variants. Third, although this study examined the largest num-
ber of non-European pancreatic cancer patients to our knowledge,
we could not systematically analyze demographic and clinical charac-
teristics associated with carrier status of each individual gene sepa-
rately because the number of carriers for each gene was 9‒25. A
larger number of samples is required to investigate if there are novel
clinically useful associations between characteristics and carrier
status of each gene. Finally, the number of samples used for machine
learning modeling might be limited. The predictive performance may
be improved by increasing the number of samples in the training
cohorts. However, the predictive performance for over 80% of
reduced breast cancer datasets was higher than that for the pancre-
atic cancer data, suggesting a limited possibility of notably improving
predictive performance for pancreatic cancer cases by increasing the
number of samples in the training cohort.

Conclusion

The genetic characterization of patients with pancreatic cancer
revealed that pathogenic variants in BRCA1, BRCA2, and ATM were
significantly associated with pancreatic cancer and that at least 3.4%
of Japanese patients would show a favorable response to PARP inhibi-
tor treatment, indicating the significance of germline genetic testing.
Predicting whether a pancreatic cancer patient was a carrier of a
pathogenic variant in a cancer-predisposing gene based on clinical
and demographic characteristics was found to be difficult, even when
using machine learning classifiers. We thus concluded that offering
germline genetic testing for all pancreatic cancer patients would be a
reasonable strategy.
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