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Abstract

Aim: Cancer patients with personal/family histories of pancreatic/breast/ovarian/
prostate cancer are associated with a higher likelihood of harboring DNA damage
repair (DDR)-related germline mutations. Here, we aimed to obtain a better under-
standing of DDR-related germline mutations in Japanese pancreatic ductal adeno-
carcinoma (PDAC) patients with personal and/or family histories of BRCA-related
cancers of the pancreas, breast, ovary, and prostate.

Methods: We performed next-generation sequencing (NGS) and evaluated germline
mutations in nine DDR-related genes (BRCA1, BRCA2, ATM, PALB2, CHEK2, MLH1,
MSH2, MSHé, and PMS2) in PDAC patients with personal and/or family histories.
Results: Of 196 patients with PDAC, 39 (19.9%) fulfilled the criteria for at least one
family history of pancreatic/breast/ovarian/prostate cancer in first-degree rela-
tives (sibling-sibling or parent-child) or the personal history of these malignancies.
Targeted NGS revealed that four (10.2%) of 39 patients with personal/family histo-
ries harbored deleterious germline mutations—two in BRCA2, one in ATM, and one in
MLH1. Both the BRCA2 variants showed frameshift mutations due to short insertion/
deletions. In the 39 patients undergoing NGS, a similar distribution of the clinico-
pathological characteristics was observed between those with deleterious muta-
tions/variants of unknown significance (VUSs) and with benign/wild types. Patients
with deleterious germline mutations/VUSs in DDR-related genes showed a signifi-
cantly more favorable prognosis than those with benign mutations/wild-type genes
(hazard ratio: 0.160, P = .040).

Conclusions: A significant fraction of PDAC patients with personal/family histories
of BRCA-related cancers harbored deleterious germline mutations in DDR-related
genes. DDR-related germline gene mutations might be a favorable prognostic factor

in patients with pancreatic cancer.
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1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains a devastating
disease with a 5-year overall survival rate of less than 10%.! Early
detection and subsequent surgical resection is the only chance of
cure; however, only a subset of patients (~20%) with localized dis-
ease is amenable to surgery.2 Moreover, chemotherapy is the only
available treatment option for patients with metastatic PDAC. The
current standard chemotherapies for metastatic PDAC consist of
cytotoxic regimens of FOLFIRINOX (5-fluorouracil, oxaliplatin, irino-
tecan, and leucovorin) or gemcitabine plus nab-paclitaxel. These
chemotherapy regimens have been shown to prolong the survival
period.> 4 Nonetheless, the median overall survival still remains less
than a year. To improve prognosis, a better understanding of the pa-
tient's mutational profile using genetic testing is of vital importance.
This may help predict the treatment response to cytotoxic agents
and identify potentially actionable somatic or germline mutations for
molecular targeted drugs.

Alterations in DNA damage repair (DDR) pathways contribute
to cancer initiation across various types of cancer, including pancre-
atic cancer.® Specifically, homologous recombination repair (HRR)-
related genes (e.g. BRCA1/2, ATM, and PALB2) are well-known as
pancreatic cancer susceptibility genes."’ Inactivation of these genes
and subsequent HRR deficiency may impart sensitivity to DNA-
strand damaging cytotoxic agents such as platinum-based chemo-
therapy and poly (ADP-ribose) polymerase (PARP) inhibitors.” Prior
studies also demonstrated that PDAC patients with HRR-related
gene mutations receiving platinum-based chemotherapy showed
favorable long-term outcomes compared to those receiving non-
platinum chemotherapy.® ? Furthermore, in PDAC patients un-
dergoing platinum chemotherapy, better survival was observed in
patients with HRR-related mutations than in those without mu-
tations.’® 1! Additionally, germline mutations of mismatch repair
(MMR)-related genes (e.g. MLH1, MSH2, MSH6, and PMS2) also
predispose to pancreatic cancer. MMR-related gene mutations and
mismatch repair deficiency are associated with microsatellite insta-
bility, high mutation burden, and hypersensitivity to immune check-
point inhibitors.? 13

Germline BRCA1/2 mutations are found in approximately 5%-
10% of familial PDAC and approximately 3% of apparently sporadic
PDAC.® 1% Additionally, recent reports suggested the relatively high
prevalence of such gene mutations in PDAC patients not only with
a family history of pancreatic cancer but also a personal or family
history of other BRCA-related malignancies such as breast and ovar-
ian cancer.!®> Moreover, in a subgroup of PDAC patients undergoing
platinum-based chemotherapy, significantly longer survival was ob-
served in patients with a family history of breast/ovarian/pancreatic

cancer than in those without.*

Based on these backgrounds, a recent Japanese multicenter trial
was conducted to evaluate the efficacy of gemcitabine plus oxalipla-
tin in metastatic pancreatic cancer patients with a family/personal
history of BRCA-related malignancies.?” This study concluded that
family and/or personal history is insufficient information to enrich
the subgroup of metastatic PDAC patients expected to respond well
to platinum-based chemotherapy. Authors in the study discussed
and suggested the necessity of genetic profiling in chemotherapy.
However, little is known about the prevalence of DDR-related gene
mutations in Japanese PDAC patients, especially in those strati-
fied by the existence of personal/family history of BRCA-related
malignancies.

This study aimed to obtain a better understanding of DDR-
related germline mutations in Japanese PDAC patients in relation
to the presence of personal and/or family histories of BRCA-related
cancers of the pancreas, breast, ovary, and prostate. Here, we tested
the hypothesis that accounting for extended personal/family histo-
ries of BRCA-related malignancies, such as pancreatic, breast, ovar-
ian, and prostate cancers, might contribute to further enrichment of
PDAC patients harboring DDR-related germline variants.

2 | METHODS
2.1 | Patients

From November 2017 to August 2020, patients with histologically
proven PDAC, who visited the Department of Surgery, Tohoku
University Hospital (Japan), were prospectively enrolled in our
biobank project. Demographic and clinicopathological data, includ-
ing personal and family histories, were extracted from a prospec-
tively maintained database and medical records. The study was
approved by the Medical Ethics Committee of Tohoku University
Graduate School of Medicine (institutional review board approval
number: 2019-1-119). Written informed consent was obtained from

all patients.

2.2 | Sample collection and DNA extraction

Peripheral blood samples were prospectively collected using cell-
free DNA BCT tubes (Streck, Omaha, NE, USA). Harvested blood
samples were immediately processed by centrifugation at 1900 rpm
for 15 minutes at room temperature, and the buffy coat fraction was
selectively collected, aliquoted, and stored at -80°C until further
use. All the specimens were subjected to linkable anonymization. All
downstream experiments were conducted in a blinded fashion with-

out any prior knowledge of patient information.
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Genomic DNA was extracted from 100 plL of buffy coat frac-
tion using the DNeasy Blood and Tissue kit (QIAGEN) accord-
ing to the manufacturer's instructions. The extracted DNA was
quantified using a SYBR Green real-time PCR-based method to
evaluate the amount of amplifiable DNA. The standard calibration
curve was valid for 5-fold serial dilutions of human genomic DNA
(Promega).

2.3 | Targeted next-generation sequencing of
germline DNA

Targeted next-generation sequencing (NGS) was performed
using the lon AmpliSeq technology (Thermo Fisher Scientific Inc,
Waltham, MA) and custom panel (Thermo Fisher Scientific), which
contains 344 amplicons divided into two primer pools covering
100% whole exons for nine DDR-related genes (BRCA1, BRCA2,
ATM, PALB2, CHEK2, MLH1, MSH2, MSHé, and PMS2). Sequencing
libraries were prepared using 5 ng of DNA and lon AmpliSeq Library
Kit Plus with lon Xpress'™ Library Barcode Adapters (Thermo Fisher
Scientific). Amplified libraries were cleaned and subjected to clonal
amplification on microspheres in the emulsion on an lon OneTouch™
2 System, followed by purification from empty microspheres on an
lon OneTouch™ ES Instrument (Thermo Fisher Scientific) accord-
ing to the manufacturer's instructions. Sequencing was performed
on an lon Torrent Personal Genome Machine (PGM; Thermo Fisher
Scientific) using 316v2 chips. Post-sequencing data processing, in-
cluding alignment to the GRCh37/hg19 human reference genome
and variant calling, were conducted using the Torrent Suite software
(version 5.0) and Torrent Variant Caller (Thermo Fisher Scientific).
Genetic variants were annotated using the ANNOVAR software.
Alignments and putative mutations were visually verified using
the Integrative Genomics Viewer (IGV, v2.4.19; Broad Institute,
Cambridge, MA).

2.4 | Classification of detected variants

Non-synonymous, exonic variants in multiple databases, includ-
ing 1000 Genomes Project, Human Genetic Variation Database
(HGVD), Genome Aggregation Database (gnomAD), and Japanese
Multi Omics Reference Panel (jMorp, Tohoku Medical Megabank,
8.3KJPN), were filtered by their allele frequency (<1% cutoff). The
clinical significance of all variants was classified according to the
ClinVar database. Nonsense variants and frameshift insertions and
deletions were considered deleterious. For missense variants with
uncertain or conflicting significance defined by ClinVar, further in
silico analyses, using SIFT, PolyPhen-2, PROVEAN, MutationTaster,
and FATHMM, were conducted to assess the clinical significance of
pathogenicity. We also referred to the results of a recent large-scale
germline test in the Japanese population.!® Thus, we finally classi-
fied each identified variant as deleterious, benign, or variants of un-

known significance (VUS).
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2.5 | Sanger sequencing

Deleterious mutations identified with NGS were validated by direct
sequencing of the PCR product. Paired primers for specific amplifi-
cation of the regions of interest are listed in Table S1. The amplified
PCR products were purified using the QIAquick PCR Purification Kit
(Qiagen), and the sequence was determined with the dideoxy chain-
termination method using the BigDye Terminator Cycle Sequencing
Kit (Applied Biosystems) according to the manufacturer's instruc-
tions. The products were analyzed using a 3130xI Genetic Analyzer

(Applied Biosystems).

2.6 | Statistical analysis

All statistical analyses were conducted using the JMP Pro 15.0.0 sta-
tistical software (SAS Institute Inc, Cary, NC) and GraphPad Prism
Version 9.0.0 (GraphPad Software). Continuous and categorical vari-
ables are presented as median (range) and as whole numbers and
percentages. The non-parametric Mann-Whitney U test was used to
compare continuous variables. Categorical variables were compared
using the Fisher's exact test. Survival analyses were performed using
the Kaplan-Meier method, and differences were compared using a

univariate log-rank test. Statistical significance was set at P <.05.

3 | RESULTS

3.1 | Personal and family histories of included
patients

A total of 196 PDAC patients were included in this study. Of these,
39 (19.9%) fulfilled the criteria of personal/family histories of BRCA-
related malignancies, i.e. at least one family history of pancreatic/
breast/ovarian/prostate cancer in first-degree relatives (FDRs:
sibling-sibling or parent-child) or the personal history of these ma-
lignancies (Table 1). Five PDAC patients had two FDRs with BRCA-
related malignancies. PDAC with a family history of FDRs was
observed in 12 patients (6.1%). Likewise, approximately 6% (n = 13)
of patients with PDAC had a family history of breast cancer in FDRs.
Collectively, 32 (16.3%) patients had a family history of such cancer
types in FDRs. On the other hand, in all 196 patients with PDAC,
prior breast cancer had the highest prevalence (n = 6, 3.1%) of per-
sonal history across the BRCA-related malignancies of breast, pan-

creatic, ovarian, and prostate cancer.

3.2 | Patient characteristics with or without
personal/family histories

Patient characteristics at the initial diagnosis were compared among
the 39 PDAC patients with personal/family histories and 157 pa-

tients without (Table 2). Females showed a higher proportion of
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TABLE 1 Personal and family histories in patients with
pancreatic cancer included in this study

(% of
total
n 196)
Family Total 32 (16.3)
EEtRory of Number of One 27
FDRs Two 5
Types of Pancreatic 12 (6.1)
malignancies cancer
Breast cancer 13 (6.6)
Ovarian cancer 2 (1.0)
Prostate cancer 7 (3.6)
Personal Total 11 (5.6)
history Types of Pancreatic 2 (1.0)
malignancies cancer
Breast cancer 6 (3.1)
Ovarian cancer 1 (0.5)
Prostate cancer 2 (1.0)

Abbreviations: FDR, first-degree relatives.

patients with personal/family history than those without; however,
the difference was not significant (P =.071). Patients with personal/
family histories were more likely to be young PDAC patients aged
<50 years (10.3%) than those without (3.8%). Of all, 112 patients
(57%) underwent pancreatic resection with or without preopera-
tive therapy. Neoadjuvant chemotherapy was performed in 56 pa-
tients and all of them were treated by either one of gemcitabine with
S-1 regimen or gemcitabine with nab-paclitaxel regimen (Table S2).
Platinum-based chemotherapy was finally administered to 24 (12.6%)
of all 196 patients with or without pancreatic resection (Table 2).
Among the 112 patients who underwent resection, the distribution
of histological grade in resected pancreas differs between the two
groups with (n = 22) or without (n = 90) personal/family histories
(P =.033, Table S3). Well to moderately differentiated carcinoma
was predominant in patients with personal/family histories. On the
other hand, higher proportion of poorly differentiated carcinoma in
resected pancreas was observed in patients without personal/family
histories than those with histories. There were no significant differ-
ences of survival outcomes between the patients with and without

personal/family histories (Figure S1).

3.3 | Targeted next-generation sequencing

We then performed targeted sequencing for 39 patients who had
at least one personal/family history of BRCA-related malignancies.
Four (10.2%) of the 39 patients harbored deleterious mutations—
two in BRCA2, one in ATM, and one in MLH1 (Table 3). These muta-
tions were successfully validated with Sanger sequencing (Figure 1).
Both the BRCA2 variants showed frameshift mutations due to short

insertion/deletions. Details of the diagnosis and treatment for the

four patients are summarized in Table 3. Two of the four patients
underwent pancreatectomy. Platinum-based chemotherapy of
FOLFIRNOX was administered to only one patient with locally ad-
vanced PDAC (#224) harboring a MLH1 deleterious mutation. None
of the four patients underwent microsatellite instability testing. We
also classified the six mutations into VUS (Table 4), all of which were
altered as single nucleotide variants. Of the six patients harboring
VUS, two (#29 and #224) also harbored deleterious variants. Among
the nine targets in our custom panel, no deleterious mutations/VUSs
were found in BRCA1, CHEK2, and PMS2.

3.4 | Patient characteristics and their prognosis
with or without germline mutations

To evaluate the clinical significance of DDR-related mutations in
PDAC patients with personal/family histories of BRCA-related ma-
lignancies, we compared the characteristics and demographics of
the eight patients with deleterious mutations and/or VUS and 31
patients with wild-type and/or benign mutations. Table 5 shows that
the two groups did not differ significantly in any of the evaluated
variables except for blood type (P =.049). Across the 22 patients
with surgery, resected primary lesions harboring germline delete-
rious/VUS variants were more likely to show a high abundance of
stroma (P =.046) and diffusely infiltrating patterns of growth charac-
terized by an indistinct border with the surrounding tissue (P =.023)
(Table 6). We then evaluated the prognostic impact of DDR-related
germline mutations (Figure 2, Figure S2). Patients with deleterious
mutations/VUSs in DDR-related genes showed a significantly more
favorable prognosis than those with benign mutations/wild-type
gene (HR: 0.160, P =.040 by log-rank test). Regarding the response
to chemotherapy, Figure S3 showed the heterogeneous backgrounds
across the 24 patients undergoing platinum-based chemotherapy,
there were no associations between the platinum-based chemosen-
sitivity and the characteristics of patients such as the personal/fam-

ily histories and genetic features.

4 | DISCUSSION

To improve the chemotherapeutic efficacy and long-term out-
comes in patients with PDAC, molecular-based precision/person-
alized medicine should be introduced in the clinical setting with
easier accessibility and applicability and much more affordable
cost.'? Due to the relative lower incidence rate of actionable muta-
tions in PDAC than other types of malignancies, pancreatic cancer
patients usually have a rare chance to receive the molecular-based
precision/personalized medicine.?% 2! Currently, the most frequent
actionable targets, based on strong evidence, are mutations in
DDR-genes such as BRCA1/2 genes. Recently, the large-scale clini-
cal trial “POLO study” revealed the usefulness of PARP inhibitor
as a maintenance therapy after platinum-based cytotoxic chemo-
therapy in patients with PDAC harboring BRCA mutations.?? To
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TABLE 2 Patient characteristics

Patients with personal/
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Patients without personal/

Characteristics Total (n = 196) family history (n = 39) family history (n = 157) P
Sex, n (%)
Male 108 (55.1) 16 (41.0) 92 (58.6) .071
Female 88 (44.9) 23 (59.0) 65 (41.4)
Age
Median (range), years 69 (39-89) 70 (41-87) 69 (39-89) 617
<50 years, n (%) 4 (10.3) 6 (3.8) 113
Blood type, n (%)
A 84 (42.9) 17 (43.6) 67 (42.7) .948
B 36 (18.4) 6 (15.4) 30 (19.1)
(0] 54 (27.6) 11 (28.2) 43 (27.4)
AB 22 (11.2) 5 (12.8) 17 (10.8)
Tumor diameter, n (%)
<20 mm 74 (37.8) 11 (28.2) 63 (40.1) 199
>20 mm 122 (62.2) 28 (71.8) 94 (59.9)
Tumor location, n (%)
Head 108 (55.1) 22 (56.4) 86 (54.8) 999
Body and tail 88 (44.9) 17 (43.6) 71 (45.2)
Tumor marker, median (range)
CEA (ng/mL) 3.1 (0.5-74.6) 3.6 (0.7-74.6) 3 (0.5-59.2) .357
CA 19-9 (U/mL) 102.3 (0.6-49 771) 129.5 (0.6-49 771) 100.8 (0.6-10 125) .558
Stage, n (%)?
0 7 (3.6) 1 (2.6) 6 (3.8) .257
1A 39 (19.9) 10 (25.6) 29 (18.5)
IB 57 (29.1) 13 (33.3) 44 (28.0)
1A 14 (7.1) 0 (0.0 14 (8.9)
1B 17 (8.7) 1 (2.6) 16 (10.2)
] 34 (17.3) 7 (17.9) 27 (17.2)
v 28 (14.3) 7 (17.9) 21 (13.4)
Treatment, n (%)
Resection (upfront) 35 (17.9) 7 (17.9) 28 (17.8) 918
CT—resection (neoadjuvant) 56 (28.6) 12 (30.8) 44 (28.0)
C(R)T—resection (conversion) 21 (10.7) 3 (7.7) 18 (11.5)
C(R)T only (unresected) 84 (42.9) 17 (43.6) 67 (42.7)
Platinum-based chemotherapy, n (%)°
Yes 24 (12.6) 9 (23.1) 15 (9.9) .054
No 166 (87.4) 30 (76.9) 136 (90.1)

Abbreviations: C(R)T, chemo(radio)therapy; CT, chemotherapy.
@According to UICC/TNM staging classification 8th edition.
PExclusion of six patients due to unavailable information.

the best of our knowledge, this is the first study testing for the
germline variants in DDR-related genes in a unique subgroup of
Japanese PDAC patients with extended personal/family histories
of BRCA-related malignancies. Despite the lower prevalence than
we expected, this study definitively revealed the significant pro-

portion of DDR-related mutations in such cases.

Familial pancreatic cancer is widely defined by the presence of
at least one pair of FDRs in the family.?® A family history of pancre-
atic cancer is a well-known significant risk factor for pancreatic can-
cer; however, there is no evidence of a clear relationship between
the family history of breast cancer and the risk of pancreatic can-

cer. Here, 6.1% of patients with PDAC were familial, similar to prior



HATA ET AL.

Annals of Gastroenterological Surgery

AGSurg

WILEY— &

858

(2661 8InS Y1V B 32 ‘9Q SUBAT) UOIEDISSED SUBAF 0} BUIPIOIDY,,

"uonIpa Y3g uoliedlfisse|d Suisels INNL/DDIN 03 Sulpioddy,

A321008 seaidued ueder ay} Aq uoiipa ysi|u3 Y3y BLIOUIDIED DIjed.IdUEd JO UOIEIISSE|D U3 03 BUIPIOIDY,

"(NAIrY€8 “ueqesa|n [ealpan Mjoyo] ‘dionf)

[auBd 22UBJ3JaY SIIWQ NINA asaueder {(Qywous) aseqele Uoljesai88y awouas ay) (AADH) @seqeleq UOIelIeA 132U UeWINH 193[01d sawouan 0OOT Sulpn|pul YaJeas aseqelep a|dijnw uo paseq,
*213B)SEIBW-9|([BIIDSDIUN ‘|N-Y [ ‘PIOUBAPE A||ED0]-3]GBIDIDSUN “W¥1-dN

‘9|qe309s2. ‘Y ‘Awoldauaponpodijeadued ‘qd ‘o|qediidde Jou ‘y/N ‘Aduanbaiy a9)e JueINW ‘Hy/|A ‘Siseiselaw dnjeday ‘d3H (I-S pue auiqedwas ‘So ‘axeded-geu pue auiqedwas ‘quo (saAljejad 22.3ap
-35414 “4 @4 {(U10A0DON3| pue ‘uedlouldl ‘ulie|dijexo ‘|1ednoion|i-G) XONIHI4T104 ‘X4 {U0I30asa SIXe Jel|ad YHIm Awoldalealdued [elsip ‘YyD-dd ‘Adelayiolpelowayd ‘| 4D ‘PIoe oulWe ‘Y :SUOIeIAaIqqy

95e3SIP INOYUM dAljE (ad)
syjuow Oo°'ST 1-S ell 11 28.3S ‘ZNTL 9 uond9sal«<SH <] dl S'6 14 pesH 140)%
95E3SIP Y1IM dAlje
syuow £°0¢ - - - - Xd4¢-duo vi1-dn 1] 152474 [4% Apog vee
95B3SIP YIM DAl
Syjuow 8T - - - - duo (d3H) W-dN Al 69 99 pesaH L0T
(dvD-dq)
9SE3SIP Y}IM paseadsp u0I32953l¢
Syjuow 6°Ge 1-S qil 111 98e35 “TNL [49) 1¥D¢dus v1-dn 1] 6’81 (01 Apog 6C
2Ww021N0 w.I33-3uoT Adesayy P94 ,o3e3s ,opess juawieal) &ﬁ___nmuuwmmm age1s  (qw/n) (wiw) uoijed’o #
jueAnipy oinadesay |ea1Sojoyied *ISIH 6-6T  9zisJiown] ase)
VO
J1usoyjed (4ay3ey)
A Jaoued
10000 /21ussoyied SSUSSSIIN usygo/zdsy 'd V<9¢cC18™ W1V £08 S0¢C 80T-TT4Y2 dljealdued SUON 4/0L 140)%
V/N oluagoyied 9SUISSIIN dylrgoely d V<9O1¥0C™ THTN 9¥¥ 060 LEO-E0IY2 SUON 49oued uellenQ d/vL vee
(1ayr0ow)
Ja0ued
10000 oluagoyied Hlysawe.y s488TsIH 'd [TIVOE9TY 29v YD cvodd 956 ¢T6 CE0-ETIY2 isealg SUON d/¢v L0T
(49y3ey)
J30ued (ZEXEe))
V/N oluagoyied Hiysswelq Sjusy0g9IyL d vdnpgggr™d cvoyd €05 £06 C¢E0-ETIY2 9}e}s04d Jaoued jsealg 4/vL 6¢
.Saseqejep Jep uld uonelnw jo adA] a8ueyd yy a3ueyd o19dNN auan uonisod swousan sya4 AJ03s1y |euosiad X3s/98y #9se)
ul ul Auozsiy
dVIN XeN Ajnwey

SjuelleA aUl|wIa8 snolala|ap Suliogley spualjed Jadued djjealoued Jnoy Jo soipsLSdeIeyD) € 319VL



HATA ET AL.

ACTTACCTTTGGCAAAG

4 4

|
»\‘ il A

v,
Case# 29 Case#t 107
BRCA?2 BRCA2
¢.1888dupA c.4462_4463CA[1]

AGTTAAACACAATATTG

7 73 et s 859
.Cr':" AG Surg AnnalaotGns[mmmmloug _Wl LEYJ_

AAGAATGCACTATGTTC

4 4

AGGT TCCAATG GCAAGG

Case#t 224 Case# 401
MLH1 ATM
c.2041G>A c.8122G>A

FIGURE 1 Chromatograms by sanger sequencing validation analysis targeting deleterious germline mutations identified by next-

generation sequencing

reports showing 4.1%~7.5% familial PDACs.*> 242 Furthermore,
6.6% of PDAC patients studied here had family histories of breast
cancer in FDRs. The similar proportions of family histories observed
between pancreatic and breast cancers here and in previous studies
might be attributed to the incidence rate differences.?* We found
that 3.1% of the PDAC patients included in this study had a personal

).1% Future

history of breast cancer, similar to prior study results (3.4%
studies are warranted to evaluate the causal relationship between
the personal/family histories of breast cancer and the risk of pancre-
atic cancer development.

In this study, only one patient with deleterious MMR-gene mu-
tation (MLH1) received platinum-based FOLFIRINOX regimen as a
second line followed by GEM-nab-paclitaxel therapy and therefore
the impact of MMR-gene mutations on treatment efficacy could not
be assessed. Indeed, function of VUS identified in this study affect-
ing the platinum-based chemosensitivity needs further elucidation.
Although protein-truncating mutations have usually been definitively
used in clinical management because of their deleterious impact on
protein function, several rare non-synonymous variants in this study
were classified as VUS, thereby probably leading to underestimation
of their clinical significance. Additional analyses of the POLO study
recently reported the newly identified BRCA mutations and their
geographic and ethnic heterogeneities across patients screened for

entry into that clinical trial.?”

Nonetheless, it is still challenging to
fully clarify which mutation status can really affect platinum-based
chemosensitivity. Future validation studies stratified by geographic
and racial variability are required to assess the relationship between
BRCA mutation status and platinum-based chemosensitivity.
Notably, the survival analysis conducted here suggests that the
presence of DDR-related gene germline mutations in patients with
personal/family histories is a strong prognostic factor. Likewise,
a few previous studies also reported that the DDR-related gene
mutation carriers had a better survival rate even in a subgroup of
PDAC patients not receiving platinum-based chemotherapy.?®3°
Although the underlying mechanism remains largely unknown,
our results and previous studies suggest that the better prognosis

cannot be explained wholly by good chemotherapeutic response

to platinum-based chemotherapy. Interestingly, recent large-scale
sequencing studies have shown that PDAC with germline variants
in pancreatic cancer susceptibility genes tend to harbor KRAS wild-
type.t23L:32 Fyrthermore, previous reports demonstrated that KRAS
wild-type PDAC has better long-term prognosis than KRAS-mutated
PDAC.3® 3% Although KRAS mutation status could not be investi-
gated here because of tissue sample non-availability, especially in
unresectable cases, one possible explanation for better prognosis in
PDAC patients with DDR-related genes is that somatic gene alter-
ations characterizing tumor aggressiveness and invasiveness might
depend on the presence of germline variants in pancreatic cancer
susceptibility genes. Another possibility is that mismatch repair de-
ficiency caused by MMR gene mutations might contribute to longer
survival, as suggested by the prior reports.12

In this study, we identified the presence of the deleterious/
VUS mutations was associated with several variables such as blood
type of patients and histological findings in the resected pancreas.
Regarding the ABO blood type and pancreatic cancer prognosis,
several previous reports demonstrated that O blood type indicated
better prognosis compared to non-O type.35’ 36 Furthermore, a re-
cent Japanese cohort study revealed the PDAC patients harboring A
alleles showed worse survival than those with non-A alleles.®” In this
study, the significant difference of blood type distribution implies
the higher prevalence of A type in patients with wild-type/benign
mutations than those with deleterious/VUS mutations. Collectively,
there may be a possible inverse association between higher preva-
lence of A blood type and lower prevalence of DDR-related muta-
tion, and this may be a risk of worse prognosis. However, underlying
associated factors remain unelucidated. Moreover, there have been
no prior reports suggesting the reason for the association between
the DDR-related mutations and histological findings of cancer-
stroma relationship and growth patterns. Future study is needed to
clarify the clinical and histological characteristics of patients harbor-
ing the DDR-related mutations.

To enrich PDAC patients harboring DDR-related germline gene
mutations, we focused on the personal/family histories of breast, ovar-

ian, and prostate cancers in addition to pancreatic cancer. However,
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TABLE 5 Characteristics of pancreatic cancer patients with personal/family histories stratified by the presence of potentially pathogenic

germline variants

Characteristics

Sex, n (%)

Male 2 (25.0)

Female 6 (75.0)
Age, median (range), years 68 (42-76)
Blood type, n (%)

A 1 (12.5)

B 1 (12.5)

() 3 (37.5)

AB 3 (37.5)
Tumor diameter, n (%)

<20 mm 2 (25.0)

>20 mm 6 (75.0)
Tumor location, n (%)

Head 4 (50.0)

Body and tail (50.0)
Stage, n (%)?

0 1 (12.5)

1A 1 (12.5)

1B 3 (37.5)

A 0 (0.0)

1B 0 (0.0)

1 2 (25.0)

v 1 (12.5)
Treatment, n (%)

Resected (75.0)

Unresected (25.0)
Platinum-based chemotherapy, n (%)

Yes 1 (12.5)

No 7 (87.5)

Note: Bold values indicate statistical significance.
Abbreviation: VUS, variants of unknown significance.
?According to UICC/TNM staging classification 8th edition.

deleterious DDR-related germline gene mutations were identified in
only four (10.2%) of the 39 patients with PDAC. This prevalence ap-
peared to be similar to that reported by a previous study on Japanese
familial PDAC.'® One possible reason is that only nine genes known to
be associated with hereditary predispositions for pancreatic, breast,
and ovarian cancers, were included. A recent whole-exome study on
Japanese familial PDAC identified various DDR-related genes such as
ERCC4.3* Future studies are needed to test whether the combination
of extended criteria of personal/family histories with genome-wide
comprehensive investigation of DDR-related genes contributes to
achieving further enrichment of the select patients who can benefit
from platinum-based chemotherapy and/or PARP inhibitors.

In conclusion, we found possibly deleterious germline variants in

PDAC patients with personal/family histories of pancreatic/breast/

Deleterious/VUS mutations (n = 8)

Wild type and benign mutations (n = 31) P

14 (45.2) 432
17 (54.8)
71 (41-87) 443
16 (51.6) 049

5 (16.1)

8 (25.8)

2 (6.5)

9 (29.0) 999
22 (71.0)
18 (58.1) 709
13 (41.9)

0 (0.0) 495

9 (29.0)
10 (32.3)

0 (0.0)

1 (3.2)

5 (16.1)

6 (19.4)
16 (51.6) 426
15 (48.4)

8 (25.8) .653
23 (74.2)

ovarian/prostate cancers. A better understanding of clinical and ge-
nomic features in such cases might provide new opportunities for
early germline testing in order to select the best therapy early on in
the treatment course of a patient.
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TABLE 6 Histological characteristics of resected pancreas in patients with personal/family histories stratified by the presence of

potentially pathogenic germline variants

Characteristics

Procedures, n (%)
PD
DP
TP
PV/SMV resection, n (%)
Yes
No
Histological grade, n (%)?
G1
G2
G3
G4
Pathological T factor, n (%)*
T1
T2
T3
T4
Pathological N factor, n (%)?
NO
N1
N2
Margins at resection, n (%)
Negative
Positive
Cancer-stroma relationship, n (%)°
Intermediate type
Scirrhous type
Growth patterns, n (%)°
INFa
INFb
INFc
Lymphatic invasion, n (%)?
ly0
lyl
ly2
ly3
Venous invasion, n (%)°
vO
vl
v2
v3
Nerve invasion, n (%)?
ne0

nel

Deleterious/VUS mutations (n = 6)

o

o B N W

N O B W

w

o O &~ N

B, R W e

(33.3)
(66.7)
(0.0)

(0.0)
(100.0)

(50.0)
(33.3)
(16.7)
(0.0)

(50.0)
(16.7)
(0.0)

(33.3)

(50.0)
(33.3)
(16.7)

(83.3)
(16.7)

(0.0)
(100.0)

(0.0)
(16.7)
(83.3)

(16.7)
(50.0)
(16.7)
(16.7)

(33.3)
(16.7)

Wild type and benign mutations (n = 16)

10

14

N O N N

10

14

11

N 0 o O N

w

(62.5)
(31.3)

(62.5)
(18.8)
(18.8)
(0.0)

(43.8)
(43.8)
(12.5)

(87.5)
(12.5)

(0.0)

(37.5)
(50.0)
(12.5)

(18.8)
(43.8)

p

.514

999

471

129

999

999

.046

.023

.693

.264

.296

(Continues)
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TABLE 6 (Continued)

Characteristics

ne2 1 (16.7)

ne3 2 (33.3)
Therapeutic effect, n (%)°

N/A (upfront surgery) 1 (16.7)

| 0 (0.0)

Ila 4 (66.7)

IIb 1 (16.7)
Adjuvant therapy, n (%)

Yes 5 (83.3)

No 1 (16.7)

Note: Bold values indicate statistical significance.

Deleterious/VUS mutations (n = 6)
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.‘(“? | AG Surg Annals of szmcmcmlogu;l. _Wl L EY

Wild type and benign mutations (n = 16) P

5 (31.3)
1 (6.3)
6 (37.5) .370
3 (18.8)
4 (25.0)
3 (18.8)
14 (87.5) 999
2 (12.5)

Abbreviations: DP, distal pancreatectomy; N/A, not applicable; PD, pancreaticoduodenectomy; PV/SMV, portal vein/superior mesenteric vein; TP,

total pancreatectomy; VUS, variants of unknown significance.
@According to UICC/TNM staging classification 8th edition.

bAccording to the Classification of Pancreatic Carcinoma fourth English edition by the Japan Pancreas Society.

“According to Evans classification (Evans DB, et al Arch Surg 1992).

100 ' 1
9 Deliterious/VUS (n = 8)
= 80+
©
2
% 60 -
S Benign/wild-type (n = 31)
F
=
3
© 20 {HR:0.160 (95% ClI: 0.056-0.461)
o P =0.040 (Log-rank)
MST: not reached vs. 21.4 mo
o T T | T T T T 1

0 6 12 18 24 30 36 42 48
Months after diagnosis

FIGURE 2 Kaplan-Meier curves for overall survival in patients
with personal/family histories stratified by the germline mutation
status of DNA damage repair genes between deleterious/VUS
mutations group (n = 8) with benign mutation/wild-type group

(n = 31). VUS; variants of unknown significance; HR, hazard ratio;
Cl, confidence interval; MST, median survival time
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