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Purpose
Deleterious germline mutations contribute to pancreatic cancer susceptibility and are well docu-
mented in families in which multiple members have had pancreatic cancer.

Methods

To define the prevalence of these germline mutations in patients with apparently sporadic pancreatic
cancer, we sequenced 32 genes, including known pancreatic cancer susceptibility genes, in DNA
prepared from normal tissue obtained from 854 patients with pancreatic ductal adenocarcinoma,
288 patients with other pancreatic and periampullary neoplasms, and 51 patients with non-
neoplastic diseases who underwent pancreatic resection at Johns Hopkins Hospital between
2000 and 2015.

Results

Thirty-three (3.9%; 95% Cl, 3.0% to 5.8%) of 854 patients with pancreatic cancer had a deleterious
germline mutation, 31 (3.5%) of which affected known familial pancreatic cancer susceptibility
genes: BRCA2 (12 patients), ATM (10 patients), BRCAT (3 patients), PALB2 (2 patients), MLH1T (2
patients), CDKNZ2A (1 patient), and TP53 (1 patient). Patients with these germline mutations were
younger than those without (mean *+ SD, 60.8 = 10.6 v65.1 * 10.5 years; P = .03). Deleterious
germline mutations were also found in BUB1B (1) and BUB3(1). Only three of these 33 patients had
reported a family history of pancreatic cancer, and most did not have a cancer family history to
suggest an inherited cancer syndrome. Five (1.7%) of 288 patients with other periampullary
neoplasms also had a deleterious germline mutation.

Conclusion

Germline mutations in pancreatic cancer susceptibility genes are commonly identified in patients
with pancreatic cancer without a significant family history of cancer. These deleterious pancreatic
cancer susceptibility gene mutations, some of which are therapeutically targetable, will be missed if
current family history guidelines are the main criteria used to determine the appropriateness of gene
testing.

J Clin Oncol 35:3382-3390. © 2017 by American Society of Clinical Oncology

inherited susceptibility gene mutations in an
individual improves assessment and decisions
regarding cancer screening for family members

Pancreatic cancer is expected to be the second
leading cause of cancer death in the United States
by the year 2030." Inherited gene mutations are
known to contribute to pancreatic cancer in
patients with familial pancreatic cancer (defined
by the presence of two first-degree relatives with
the disease),” but the extent to which deleterious
gene mutations contribute to pancreatic cancer
risk in individuals without a family history of
pancreatic cancer is not well defined. Identifying
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and can guide treatment of patients with pan-
creatic cancer.

The established familial pancreatic cancer
susceptibility genes include the BRCA2, ATM,
PALB2, CDKN2A, PRSSI, STK11, MLHI, and
MSH2® genes.*® The results of whole-genome
sequencing of more than 600 individuals with
familial pancreatic cancer were recently reported,
with analysis focused on the role of low-frequency
truncating mutations.” Deleterious germline
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Germline Mutations in Patients With Sporadic Pancreatic Cancer

mutations in the BRCA2 gene account for the biggest fraction of
known familial pancreatic cancer genes (found in approximately 5%
to 10% of familial pancreatic cancer families””'?), followed by ATM
(deleterious mutations found in approximately 2% to 3%).>*
Deleterious germline mutations involving other genes are less
common (each found in approximately = 1% of affected individuals
from familial pancreatic cancer kindred). These genes include
CDKN2A (deleterious mutations cause familial atypical melanoma
mole syndrome),'>” PALB2 (DNA mismatch-repair genes that
cause Lynch syndrorne),3 STK11 (Peutz-Jeghers syndrome), and
PRSSI (hereditary recurrent acute pancreatitis).>'®*' Germline
BRCAI mutations increase the overall risk of developing pancreatic
cancer by approximately two- to -four-fold.>”**** The role of other
genes in pancreatic cancer susceptibility is still being evaluated.

The prevalence of germline mutations in individual pancreatic
cancer susceptibility genes in patients with apparently sporadic
forms of the disease (ie, without a family history of pancreatic
cancer) has also been studied.”**” These studies have primarily
focused on BRCA genes. For example, germline BRCA2 mutations
are found in a small percentage of patients with apparently spo-
radic pancreatic cancer,”® with a higher prevalence found in
populations with many individuals of Ashkenazi Jewish heritage
because of the common 6174delT BRCA2 founder mutation in that
population.”””**** In one study, germline BRCA mutations were
identified in 4.6% of an unselected series of 306 patients with
pancreatic cancer from a single center.**

The absence of a significant family history in patients with an
established deleterious germline mutation is probably primarily as
the result of incomplete penetrance, rather than de novo mutation
in the germline. For example, the average lifetime risk of de-
veloping pancreatic cancer among BRCA2 gene mutation carriers
is estimated to be approximately 5% to 10%.>*7® Notably, these
estimates have been determined primarily in families ascertained
for breast and/or ovarian cancer and therefore may be an
underestimate.

There is considerable potential clinical utility to identifying
a germline susceptibility gene in a patient with pancreatic cancer.
Mutation carriers with pancreatic cancer may have more options
for personalized medicine directed against the genetic drivers of
their cancer,”” and their family members may benefit from cancer
screening and cancer prevention strategies for pancreatic and
extrapancreatic cancers.”®** Relatives of patients with apparently
sporadic pancreatic cancer are at increased risk of mortality from
other cancers.*’

In this study, we determined the prevalence of germline
mutations in known and candidate pancreatic cancer susceptibility
genes in a large hospital-based series of patients unselected for their
family history of pancreatic cancer. We compared the prevalence of
deleterious mutations in these patients with the prevalence in
patients who underwent surgery for other periampullary cancers
and diseases.

Patients and Specimens
This study included 854 patients with pancreatic ductal adenocar-
cinoma who were evaluated and treated at the Johns Hopkins Hospital
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between 2000 and 2015. Patients were enrolled in the study during their
preoperative evaluation or during their multidisciplinary clinic visit.
Personal and family history information was obtained from the medical
record and from the National Familial Pancreas Tumor Registry. To es-
timate the prevalence of deleterious germline mutations in patients with
other periampullary/pancreatic diseases referred to the same clinical
services, we included 339 patients who had undergone pancreatic resection
for periampullary/biliary pathology other than pancreatic cancer, in-
cluding 108 with other cancers (duodenal, biliary, gall bladder), 113 with
other neoplasms (pancreatic neuroendocrine tumors, GI stromal tumors,
carcinoid), 25 with precancerous neoplasms (duodenal, ampullary ade-
noma), 25 with serous cystadenoma, and 51 with non-neoplastic con-
ditions including 37 with pancreatitis (Table 1); patient demographic data
are listed in Table 2.

All elements of this study were approved by the Johns Hopkins
Institutional Review Board, and written informed consent was obtained
from all patients.

DNA Extraction

Genomic DNA was extracted from either frozen normal tissue from
pancreatic resection specimens (duodenum, spleen, or pancreas)
or peripheral blood mononuclear cells using QIAamp DNA Micro Kit
(QIAGEN, Hilden, Germany), according to the manufacturer’s instructions.
DNA samples were quantified using Quantifiler (Thermo Fisher Scientific,
Waltham, MA).

DNA Sequencing

Thirty-two genes (Appendix Table Al [online only]) were sequenced
using an AmpliSeq Custom Panel. Next-generation sequencing was per-
formed using the Ion Proton system (Life Technologies [Life-Tech],
Carlsbad, CA), according to the manufacturer’s protocols and as pre-
viously described.** These genes were either known pancreatic cancer
susceptibility genes (BRCA2, ATM, PALB2, BRCAI, CDKN2A, MLHI,
MSH2, PRSS1, STK11, and TP53), known cancer susceptibility genes
(MSH6, PMS2, CDHI, RAD51C, RAD51D, BUBIB, and FANC]J), or
candidate pancreatic cancer susceptibility genes (FANCA, FANCC, FANCG,
FANCL, ARIDI1A, RECQL4, XRCC2, XRCC3, ERCC4, TERT, BAPI1, BUBI,
BUBS3, and RNF43). Thus, 20 ng of DNA (10 ng per primer pool) were used
for AmpliSeq polymerase chain reaction. After FuPa digestion, P1 adaptor/
Xpress barcode ligation, and library clean up (Agencourt AMPure XP
Reagent; Beckman Coulter, Brea, CA), libraries were eluted into
low Tris-EDTA and quantified (Ion Quantitation Kit; Life-Tech).

Table 1. Pathology and Indications for Pancreatic Resection
Diagnosis No.
Pancreatic ductal adenocarcinoma 854
Other diagnostic groups 339
Pancreatitis (AIP, CP, groove pancreatitis) 37
Ampullary adenoma 13
Cholangiocarcinoma (lower CBD) 47
Carcinoid, GIST, neuroendocrine tumor 109
Duodenal adenocarcinoma 54
Duodenal adenoma 12
Gallbladder adenocarcinoma 7
Lymphoepithelial cyst 1
Serous cystadenoma 25
Solid pseudopapillary neoplasm 4
Other malignancy* 17
Othert 13
Abbreviations: AIP, autoimmune pancreatitis; CBD, common bile duct; CP,
chronic pancreatitis; GIST, Gl stromal tumor.
*Nonpancreatic malignancies.
TNonmalignant diseases with normal pancreas.
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Table 2. Patient Characteristics
Pancreatic Cancer, Other Diseases,
Classification No. (%) No. (%)

Total no. of patients 854 339
Mean age in years = SD 65.0 = 10.9 60.1 = 14.1

<51 81 (9) 79 (23)

51-60 199 (23) 80 (24)

61-70 297 (35) 95 (28)

71-80 220 (26) 69 (20)

= 80 57 (7) 16 (5)
Sex

Male 455 (53) 181 (563)

Female 399 (47) 158 (47)
Race

White 756 (89) 280 (83)

African American 52 (6) 31 (9)

Other 46 (5) 28 (8)
Family history of 109 (12.7) 15 (4)

pancreatic cancer
First-degree relative with 77 (9.0)
pancreatic cancer

Libraries underwent emulsion polymerase chain reaction in an Ion
OneTouch2 (Life-Tech) for 5 hours; Ion Sphere Particles were then cleaned
and enriched in the OneTouch ES (Life-Tech). Enriched Ion Sphere
Particles were loaded into P1v3 chips for sequencing (Ion Proton; Life-
Tech). The postsequencing raw FASTQ files were launched in NextGENe
(version 2.41; SoftGenetics, Chicago, IL) software for alignment to the
hgl9 human reference genome and single-nucleotide variant calling.
Alignments were visually verified using Integrative Genomics Viewer
(version 2.3; Broad Institute, Cambridge, MA) and NextGENe Viewer. The
functional significance of variants was determined by interrogating
ClinVar and PubMed. Variants of unknown significance are listed in
Appendix Table A2 (online only). Variants identified as truncating
(nonsense, frameshift, splice intervening sequence = 1 or 2) and dele-
terious missense variants were validated by Sanger sequencing performed
at The Johns Hopkins Synthesis & Sequencing Facility (Applied Biosystems
DNA sequencers; Sanger validation primer sequences are listed in Ap-
pendix Table A3 [online only]). Deleterious variants were identified in
several candidate pancreatic cancer susceptibility genes. To further evaluate
these variants, primary pancreatic cancer tissue from three patients was
laser-capture microdissected** and sequenced to evaluate for biallelic
inactivation (tumor was not available from the patients with the RAD51D
or BUBIB mutation). For genes with deleterious truncating variants
(Table 3), we provide the truncating variant data in control subjects from
the ExAC database (Broad Institute; Table 4).

Statistical Analysis

The mean age of carriers of a deleterious germline variant was
compared with noncarriers using the t test. SPSS software was used
(version 22; IBM, Armonk, NY). A two-tailed P < .05 was considered
statistically significant.

Characteristics of the study population are listed in Table 1 and
Table 2. Thirty-three (3.9%) of the 854 patients with pancreatic
ductal adenocarcinoma had an identifiable deleterious germline
mutation, of which 28 were truncating (Table 3). Thirty-one
(3.5%) of these patients had a deleterious mutation in a known
pancreatic cancer susceptibility gene. This included 12 patients
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with deleterious germline BRCA2 mutations, five of whom carried
the Ashkenazi Jewish founder BRCA2 mutation (6174delT); ten
with ATM; three with BRCAI; two with PALB2; two with MLHI;
and one each with a CDKN2A and TP53 mutation. Two patients
had a mutation in a candidate pancreatic cancer susceptibility gene
(BUBI1B and BUB3). Patients with deleterious BUBIB mutations
are prone to aneuploidy, chromosomal alterations, and cancer,*
and BUBIB has been identified as a candidate pancreatic cancer
susceptibility gene.” Evidence regarding the role of BUB3 as
a cancer susceptibility gene is less clear*®*’; both BUBIB and BUB3
regulate mitotic checkpoints and, in mouse models, BUB3 het-
erozygotes are similarly prone to premature aging and chromo-
somal instability.*® We sequenced the pancreatic cancer DNA from
the patient with the deleterious germline BUB3 variant but did not
find evidence of biallelic inactivation.

In addition to the 33 patients with a deleterious mutation in
a known or suspected pancreatic cancer susceptibility gene, three
patients carried a deleterious mutation in another cancer sus-
ceptibility gene (one each involving CDH1, RAD51D, and RAD51B).
The significance of these variants for pancreatic cancer suscepti-
bility is not certain (they are listed in Appendix Table A2). RAD51D
and RAD51C are ovarian cancer susceptibility genes.*** Common
variants in RAD5IB are associated with increased breast cancer
risk.”! Germline CDHI mutations predispose to hereditary gastric
cancer and lobular breast cancer. The CDHI P373L mutation
identified in one patient has been described in a hereditary gastric
cancer family.”> We sequenced microdissected pancreatic cancer
DNA from the patients with the germline RAD5IB and CDHI
mutation, but we did not find evidence of biallelic inactivation
of their germline mutated gene in their pancreatic cancer. Overall,
there is not sufficient evidence to indicate that RAD51B and
CDHI1 germline mutations contribute to pancreatic cancer
development.

Numerous variants of unknown significance were also
identified (listed in Appendix Table A2). In addition to the 33
patients with deleterious mutations, two patients with pancreatic
ductal adenocarcinoma carried the BRCA2 polymorphic stop
variant p.K3326X. This variant was initially not thought to confer
a cancer risk, but is now considered a modifier allele with evidence
that carriers have a small increased risk of breast, pancreatic, and
other cancers.”>

The majority (82%) of patients with deleterious germline
mutations had a family history of other cancers, but only five
mutation carriers (15%) had cancer family histories that suggested
a familial cancer syndrome (Table 3). Eighteen of the 33 mutation
carriers had a family history of breast cancer reported in a first- or
second-degree relative, six had a family history of prostate cancer,
and three had a family history of ovarian cancer. Only three (9%) of
the 33 individuals with a germline deleterious mutation had
a family history of pancreatic cancer. In comparison, among the
818 patients with pancreatic ductal adenocarcinoma without
a germline mutation, 117 (14.3%) had a family history of pan-
creatic cancer identified; for 86 of these patients, it was in a first-
degree relative.

Although there are no dedicated pancreatic cancer National
Comprehensive Cancer Network (NCCN) guidelines for gene testing,
the breast/ovarian cancer NCCN guidelines for gene testing”® include
recommendations for when to consider gene testing patients with

JOURNAL OF CLINICAL ONCOLOGY
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pancreatic cancer. Candidates for gene testing include individuals
Iwith a close relative with pancreatic cancer, 2who are of Ashkenazi
Jewish descent with pancreatic cancer, and 3with a close blood
relative with ovarian cancer or young-onset breast cancer. On the
basis of these criteria, five pancreatic cancer cases with the Ash-
kenazi BRCA2 founder mutation would be eligible for gene testing,
as would nine others with a significant cancer family history (first-
degree relative with pancreatic cancer, a close blood relative with
ovarian cancer or young-onset breast cancer, or multiple close
relatives with breast cancer).

The average age = SD at diagnosis of patients with pan-
creatic ductal adenocarcinoma identified as having a germline
mutation in a known (BRCA2, ATM, CDKN2A, PALB2, MLH1,
BRCAI, and TP53) pancreatic cancer susceptibility gene was
60.8 = 10.6 years, significantly lower than the average age of
the patients without an identifiable susceptibility gene mutation
(65.1 = 10.1 years; P = .03).

A significantly smaller percentage (five of 339 patients [1.5%];
P = .02) of patients with diagnoses other than pancreatic ductal
adenocarcinoma had an identifiable deleterious germline muta-
tion. All of the nonpancreatic cancer cases with a deleterious
germline mutation had another malignancy (five of 238 patients
[2.1%]). These included two of the 47 patients with chol-
angiocarcinoma (one with an ATM mutation and another with
a BRIPI [FANCJ] mutation), one patient who had a renal cell
carcinoma with pancreatic metastasis (ATM mutation), one patient
with a duodenal GI stromal tumor (RAD51C mutation), and one
patient who underwent pancreaticoduodenectomy for a recurrent
bleeding duodenal ulcer after radiation therapy for lymphoma
(BRCA2 mutation). The significance of the BRIPI mutation is not
clear. Evidence from large studies indicates that carriers of germline
BRIP] mutations are at moderately increased risk of developing
ovarian cancer but not breast cancer.’””®

No deleterious mutations were identified in any of the other
disease control cases. Pancreatic cancer cases were more likely than
disease controls without a malignant neoplasm to have a delete-
rious mutation (P = .035). We also compared the prevalence of
truncating deleterious variants for each pancreatic cancer sus-
ceptibility gene in our pancreatic cancer cases with their prevalence
in controls in the ExAC database. Germline truncating mutations
involving BRCA2 and ATM were significantly more common in
pancreatic cancer cases than in ExAC controls (Table 4).

We found a significant yield of deleterious germline mutations in
pancreatic cancer susceptibility genes in patients with pancreatic
cancer without a pancreatic cancer family history. These patients
with apparently sporadic pancreatic cancer also often do not have
an extensive family history of pancreatic or other cancers that
would trigger consideration for germline gene testing. The prev-
alence of deleterious germline mutations in patients with appar-
ently sporadic pancreatic cancer is approximately half of that
reported to date in patients with familial forms of pancreatic
cancer.””’

Family history remains one of the best predictors of future
pancreatic cancer risk.”>®' For common cancers such as breast/

jeo.org

ovarian and colorectal cancer (where risk assessment, genetic
counseling, and gene testing are well established), current guidelines
recommend using family history to risk stratify family members
to identify those individuals most likely to benefit from gene
testing.®” In contrast, our results for pancreatic cancer highlight
the limitations of relying solely on current NCCN family history
guidelines to determine which patients are most likely to carry
a deleterious pancreatic cancer susceptibility gene. Indeed, most
deleterious germline mutations found in patients with pancreatic
cancer are in those who do not meet the familial criteria for gene
testing.

Although the evidence is mostly anecdotal in the context of
pancreatic cancer, not only can affected relatives have the op-
portunity to undertake cancer screening and prevention strategies,
but it also would have an impact on the patient’s treatment.
Identifying BRCA mutations in patients with pancreatic cancer
would provide the opportunity to have personalized therapy with
poly (ADP-ribose) polymerase inhibitors or platinums,” and
Lynch syndrome carriers with pancreatic cancer would have the
potential to benefit from immunotherapy.®* It is suspected that
patients with ATM germline mutations would benefit from ra-
diotherapy to control local disease (assuming that the gene is
biallelically inactivated in their cancer)®® and may also be more
sensitive to certain chemotherapeutics.

Although a large gene panel was evaluated for this study, our
results indicate that gene testing patients with pancreatic cancer
should be limited to established pancreatic cancer susceptibility
genes (BRCA2, ATM, PALB2, CDKN2A, and BRCA1, and mismatch-
repair genes), with testing for PRSSI and STKII mutations for
families suspected of having the corresponding clinical syndromes.
Although using large gene panels to identify cancer susceptibility
genes as part of research studies can be informative, early experience
with using large gene panels to perform germline gene testing in
clinical settings has shown that such panels pose challenges.®® Be-
cause of the greater chance of identifying variants of unknown
significance, many patients receive inconclusive results, and the
potential for misunderstanding and anxiety is significant.

The potential to benefit the few individuals with actionable
gene mutations would seem to justify the effort to routinely offer
gene testing to all patients with pancreatic ductal adenocarcinoma
to identify such cases.’”*” However, offering widespread genetic
testing for patients with pancreatic cancer has significant chal-
lenges, not the least being that patients should undergo genetic
counseling before and after such testing to provide understanding
and reassurance and to avoid harm.®® Unfortunately, there are not
enough genetic counselors to provide this service. This shortage of
genetic counselors applies to other cancers and, as a result, most
patients, even those who undergo gene testing for BRCA muta-
tions, do so without genetic counseling.® The demand for BRCA
gene testing has led to alternative approaches. One approach taken
in some centers that are sequencing cancer samples is to provide an
opt-out option for patients who do not want to know about
germline information. Another approach in situations where there
is considerable demand, such as for patients with ovarian cancer, is
to provide genetic counseling where clinicians (including nurses
trained in genetic counseling) provide the service.”® Because of the
potential for adverse events when gene testing is performed
without adequate genetic counseling, most experts recommend
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Table 4. Prevalence of Truncating Variants in Pancreatic Cancer Susceptibility Genes: EXAC Controls Versus PDAC Patient Cases

EXAC Database
(frameshift/stop)

PDAC Patient Cases,

Present Study Truncating Only*

Truncating Total Allele, Total Truncating Variant Truncating Truncating Variant
Gene Allele, No. Average Genotypes Frequency, % Variant, No. PDAC, No. Frequency, % P
BRCA2 251 117,864 58,932 0.43 12 854 1.41 < .0001
ATM 129 115,856 57,928 0.22 8 854 0.94 < .0001
BRCAT1 134 111,384 55,692 0.24 3 854 0.35 .7625
CDKNZ2A 13 96,030 48,015 0.03 1 854 0.12 1237
MLH1 36 116,544 58,272 0.06 1 854 0.12 5218
PALB2 81 116,899 58,449.5 0.14 2 854 0.23 4602

because most deleterious mutations in 7P53 are missense.
Abbreviation: PDAC, pancreatic ductal adenocarcinoma.
*All of them are heterozygous.

NOTE: Truncating mutations only were considered because the functional significance of many missense mutations is not known. 7P53is not included in this list

that appropriate counseling’’ and testing should only be un-
dertaken by those with the expertise.”> Genetic counseling for
patients with pancreatic cancer poses additional challenges. Be-
cause pancreatic cancer often progresses rapidly, patients can
greatly benefit from optimal selection of their first-line therapy;
thus, ideally, counseling and testing would be incorporated into
routine patient care so that it can be performed rapidly. Relatives of
patients with pancreatic cancer who are also mutation carriers can
also benefit from gene testing. Here, the need for genetic coun-
seling is perhaps more important, because the lifetime estimates of
developing pancreatic and other cancers for carriers of deleterious
mutations need to be better defined, and the benefits of pancreatic
screening are still being established.”®*' Because cancer genetics
risk assessment is not a routine component of pancreatic cancer
care, it would be valuable to undertake studies to determine the
benefits and challenges of incorporating risk assessment and gene
testing into routine pancreatic cancer practice. Additional studies
are also needed to determine how cancer family history and other
risk factor information can help refine pancreatic cancer risk in
mutation carriers. Furthermore, the pancreatic cancer risk asso-
ciated with mutations in some pancreatic cancer susceptibility
genes (such as ATM and PALB?2) is not well defined, and the ef-
fectiveness of screening these mutation carriers is not established.

There are some limitations to our study. First, this was
a retrospective study where we relied on self-reported family
history of pancreatic and other cancers obtained from the medical
record, and patient reporting of their familial cancer history is
often incomplete. We were also not able to determine if detecting

these mutations resulted in clinical benefit to the patients or their
families.

In summary, we found that there is a significant yield of dele-
terious germline mutations in pancreatic cancer susceptibility genes in
unselected patients with apparently sporadic pancreatic cancer.
Routine gene testing of patients with newly diagnosed pancreatic
cancer and their families may yield significant clinical benefits.
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Appendix
Table A1. Targeted Regions of the 32 Genes* Table A1. Targeted Regions of the 32 Genes* (continued)

Chromosome Chr Start Chr_End Gene Chromosome Chr Start Chr_End Gene
chrl 27022889 27024036 ARID1A chr2 58456943 58457014 FANCL
chr1 27056136 27056359 ARID1A chr2 58459183 58459252 FANCL
chr1 27057637 27058100 ARIDTA chr2 58468347 58468453 FANCL
chr1 27059161 27059288 ARID1A chr2 111395535 111395741 BUBT1
chr1 27087341 27087592 ARID1A chr2 111397313 111397430 BUBT1
chrl 27087869 27087969 ARID1A chr2 111398605 111398774 BUB1
chrl 27088637 27088815 ARIDTA chr2 111398605 111398787 BUB1
chr1 27089458 27089781 ARID1A chr2 111398878 111399046 BUBT
chr1 27092706 27092862 ARIDTA chr2 111399213 111399385 BUB1
chr1 27092942 27093062 ARIDTA chr2 111399690 111399816 BUB1
chr1 27094275 27094495 ARID1A chr2 111406805 111406959 BUBT1
chr1 27097604 27097822 ARID1A chr2 111408117 111408366 BUBT
chrl 27098985 27099128 ARID1A chr2 111411007 111411105 BUB1
chr1 27099297 27099483 ARID1A chr2 111413310 111413498 BUB1
chr1 27099831 27099992 ARID1A chr2 111414607 111414699 BUB1
chr1 27100065 27100213 ARID1A chr2 111415117 111415227 BUB1
chr1 27100287 27100394 ARID1A chr2 111415981 111416102 BUBT1
chr1 27100814 27101716 ARIDTA chr2 111416185 111416324 BUB1
chr1 27101465 27101716 ARIDTA chr2 111417549 111417618 BUBT1
chr1 27102062 27102203 ARID1A chr2 111419153 111419423 BUBT1
chr1 27105508 27107252 ARID1A chr2 111423834 111423996 BUB1
chr2 47630325 47630546 MSH2 chr2 111425092 111425287 BUBT1
chr2 47630523 47630546 MSH2 chr2 111425368 111425431 BUB1
chr2 47635534 47635699 MSH2 chr2 111427024 111427135 BUB1
chr2 47637227 47637516 MSH2 chr2 111428096 111428150 BUB1
chr2 47639547 47639704 MSH2 chr2 111430232 111430439 BUB1
chr2 47641402 47641562 MSH2 chr2 111431657 111431806 BUBT
chr2 47643429 47643573 MSH2 chr2 111431877 111431947 BUBT1
chr2 47656875 47657085 MSH2 chr2 111435541 111435577 BUB1
chr2 47672681 47672801 MSH2 chr3 37035033 37035159 MLH1
chr2 47690164 47690298 MSH2 chr3 37038104 37038205 MLH1
chr2 47693791 47693952 MSH2 chr3 37042522 37042544 MLH1
chr2 47698098 47698206 MSH2 chr3 37042440 37042549 MLH1
chr2 47702158 47702414 MSH2 chr3 37045886 37045970 MLH1
chr2 47703500 47703715 MSH2 chr3 37048476 37048559 MLH1
chr2 47705405 47705663 MSH2 chr3 37050299 37050401 MLH1
chr2 47707829 47708015 MSH2 chr3 37053305 37053358 MLHT
chr2 47709912 47710093 MSH2 chr3 37053496 37053595 MLH1
chr2 48010367 48010614 MSH6 chr3 37055917 37056040 MLH1
chr2 48010367 48010637 MSH6 chr3 37055963 37056040 MLH1
chr2 48018060 48018267 MSH6 chr3 37058991 37059095 MLH1
chr2 48023027 48023207 MSH6 chr3 37061795 37061959 MLH1
chr2 48025744 48028299 MSH6 chr3 37067122 37067503 MLH1
chr2 48026023 48028299 MSH6 chr3 37070269 37070428 MLH1
chr2 48030553 48030829 MSH6 chr3 37081671 37081790 MLH1
chr2 48032043 48032171 MSH6 chr3 37083753 37083827 MLH1
chr2 48032751 48032851 MSH6 chr3 37089004 37089179 MLH1
chr2 48033337 48033502 MSH6 chr3 37090002 37090105 MLH1
chr2 48033585 48033795 MSH6 chr3 37090389 37090513 MLH1
chr2 48033912 48034004 MSH6 chr3 37091971 37092149 MLH1
chr2 58386894 58386940 FANCL chr3 52436298 52436442 BAPT
chr2 58387237 58387319 FANCL chr3 52436612 52436695 BAP1
chr2 58388651 58388778 FANCL chr3 52436789 52436892 BAPT
chr2 58389995 58390087 FANCL chr3 52437148 52437319 BAPT
chr2 58390158 58390214 FANCL chr3 52437426 52437915 BAPT
chr2 58390563 58390657 FANCL chr3 52438463 52438607 BAPT
chr2 58392853 58393014 FANCL chr3 52439120 52439315 BAPT
chr2 58425708 58425802 FANCL chr3 52439775 52439933 BAP1
chr2 58425723 58425802 FANCL chr3 52440263 52440397 BAPT
chr2 58431259 58431366 FANCL chr3 52440839 52440928 BAPT
chr2 58449071 58449182 FANCL chr3 52441184 52441337 BAP1
chr2 58453857 58453924 FANCL chr3 52441409 52441481 BAPT

(continued in next column) chr3 52441968 52442098 BAPT

(continued on following page)
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Table A1. Targeted Regions of the 32 Genes* (continued) Table A1. Targeted Regions of the 32 Genes* (continued)
Chromosome Chr Start Chr_End Gene Chromosome Chr Start Chr_End Gene
chr3 52442484 52442627 BAP1 chr9 21994132 21994335 CDKNZA
chr3 52443564 52443629 BAPT chr9 35074099 35074218 FANCG
chr3 52443724 52443764 BAP1 chr9 35074362 35074496 FANCG
chr3 52443852 52443899 BAP1 chr9 35074918 35075084 FANCG
chrb 1253837 1253951 TERT chr9 35075270 35075327 FANCG
chrb 1254477 1254625 TERT chr9 35075456 35075756 FANCG
chrb 1255396 1255531 TERT chr9 35075953 35076030 FANCG
chrb 1258707 1258779 TERT chr9 35076423 35076585 FANCG
chrb 1260583 1260720 TERT chr9 35076715 35076872 FANCG
chrb 1264513 1264712 TERT chr9 35076962 35077103 FANCG
chrb 1266573 1266655 TERT chr9 35077255 35077401 FANCG
chrb 1268629 1268753 TERT chr9 35078132 35078345 FANCG
chrb 1271228 1271324 TERT chr9 35078596 35078738 FANCG
chrb 1272294 1272400 TERT chr9 35079142 35079243 FANCG
chrb 1278750 1278916 TERT chr9 35079432 35079526 FANCG
chrb 1279400 1279590 TERT chr9 97863983 97864137 FANCC
chrb 1280267 1280458 TERT chr9 97869342 97869556 FANCC
chrb 1282538 1282744 TERT chr9 97873472 97873632 FANCC
chrb 1293422 1294786 TERT chr9 97873739 97873924 FANCC
chrb 1294880 1295109 TERT chr9 97876905 97876997 FANCC
chr7 6013024 6013178 PMS2 chr9 97879591 97879677 FANCC
chr7 6017213 6017393 PMS2 chr9 97887362 97887472 FANCC
chr7 6018221 6018332 PMS2 chr9 97888805 97888868 FANCC
chr7 6022449 6022627 PMS2 chr9 97897622 97897789 FANCC
chr7 6026384 6027256 PMS2 chr9 97912199 97912374 FANCC
chr7 6029425 6029591 PMS2 chr9 97933355 97933430 FANCC
chr7 6031598 6031693 PMS2 chr9 97934313 97934434 FANCC
chr7 6035159 6035269 PMS2 chr9 98002925 98003030 FANCC
chr7 6036951 6037059 PMS2 chr9 98009708 98009803 FANCC
chr7 6038733 6038911 PMS2 chr9 98011403 98011578 FANCC
chr7 6042078 6042272 PMS2 chr10 124914428 124914633 BUB3
chr7 6043315 6043428 PMS2 chr10 124915168 124915248 BUB3
chr7 6043597 6043694 PMS2 chr10 124917239 124917401 BUB3
chr7 6045517 6045667 PMS2 chr10 124919917 124920086 BUB3
chr7 6048622 6048655 PMS2 chr10 124921746 124921934 BUB3
chr7 152345721 152346453 XRCC2 chr10 124922122 124922349 BUB3
chr7 152357780 152357872 XRCC2 chr10 124923330 124923356 BUB3
chr7 152373120 152373169 XRCC2 chr10 124924557 124924577 BUB3
chr8 145736808 145736943 RECQL4 chr11 108098346 108098428 ATM
chr8 145737058 145737177 RECQL4 chr11 108098497 108098620 ATM
chr8 145737288 145737455 RECQL4 chr11 108099899 108100055 ATM
chr8 145737521 145737712 RECQL4 chr11 108106391 108106566 ATM
chr8 145737769 145737949 RECQL4 chr11 108114674 108114850 ATM
chr8 145738019 145738159 RECQL4 chr11 108115509 108115758 ATM
chr8 145738224 145738526 RECQL4 chr11 108117685 108117859 ATM
chr8 145738595 145738772 RECQL4 chr11 108119654 108119834 ATM
chr8 145738763 145738869 RECQL4 chr11 108121422 108121804 ATM
chr8 145738949 145739101 RECQL4 chr11 108122558 108122763 ATM
chr8 145739306 145739496 RECQL4 chr11 108123538 108123644 ATM
chr8 145739567 145739751 RECQL4 chr11 108124535 108124771 ATM
chr8 145739820 145739914 RECQL4 chr11 108126936 108127072 ATM
chr8 145740314 145740461 RECQL4 chr11 108128202 108128338 ATM
chr8 145740528 145740631 RECQL4 chr11 108129707 108129807 ATM
chr8 145740704 145740846 RECQL4 chr11 108137892 108138074 ATM
chr8 145741142 145741279 RECQL4 chr11 108139131 108139341 ATM
chr8 145741366 145742153 RECQL4 chr11 108141785 108141878 ATM
chr8 145742428 145742579 RECQL4 chr11 108141972 108142138 ATM
chr8 145742792 145742897 RECQL4 chr11 108143253 108143339 ATM
chr8 145742980 145743024 RECQL4 chr11 108143443 108143584 ATM
chr8 145743079 145743173 RECQL4 chr11 108150212 108150340 ATM
chr9 21968222 21968246 CDKN2A chr11 108151716 108151900 ATM
chr9 21968718 21968775 CDKN2A chr11 108153431 108153611 ATM
chr9 21970996 21971212 CDKN2A chr11 108154948 108155205 ATM
chr9 21970895 21971212 CDKN2A chr11 1081568321 108158447 ATM
chr9 21974671 21974831 CDKNZA chr11 108159698 108159835 ATM
chr9 21974470 21974831 CDKN2A chr11 108160323 108160533 ATM

(continued in next column) chr11 108163340 108163525 ATM
(continued on following page)
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Table A1. Targeted Regions of the 32 Genes* (continued) Table A1. Targeted Regions of the 32 Genes* (continued)
Chromosome Chr Start Chr_End Gene Chromosome Chr Start Chr_End Gene
chr11 108164034 108164209 ATM chr14 68934883 68934972 RAD51B
chr11 108165648 108165791 ATM chr14 68944359 68944386 RAD51B
chr11 108168008 108168114 ATM chr14 68963835 68963862 RAD51B
chr11 108170435 108170617 ATM chr14 69061196 69061325 RAD51B
chr11 108172369 108172521 ATM chr14 104165129 104165359 XRCC3
chr11 108173574 108173761 ATM chr14 104165464 104165521 XRCC3
chr11 108175396 108175584 ATM chr14 104165695 104165918 XRCC3
chr11 108178618 108178716 ATM chr14 104169504 104169669 XRCC3
chr11 108180881 108181047 ATM chr14 104173334 104173557 XRCC3
chr11 108183132 108183230 ATM chr14 104174853 104175001 XRCC3
chr11 108186544 108186643 ATM chr14 104177364 104177429 XRCC3
chr11 108186732 108186845 ATM chr15 40453416 40453461 BUBI1B
chr11 108188094 108188253 ATM chr1b 40457248 40457402 BUB1B
chr11 108190675 108190790 ATM chr15 40462257 40462327 BUBI1B
chr11 108192022 108192152 ATM chr16 40462732 40462887 BUBI1B
chr11 108196031 108196276 ATM chr1b 40468672 40468879 BUB1B
chr11 108196779 108196957 ATM chr15 40475909 40476089 BUBI1B
chr11 108198366 108198490 ATM chr15 40477360 40477585 BUBI1B
chr11 108199742 108199970 ATM chr1b 40477746 40477848 BUB1B
chr11 108200935 108201153 ATM chr15 40488740 40488980 BUBI1B
chr11 108202165 108202289 ATM chr16 40491810 40491933 BUBI1B
chr11 108202600 108202769 ATM chr1b 40492439 40492565 BUB1B
chr11 108203483 108203632 ATM chr15 40493126 40493186 BUB1B
chr11 108204607 108204700 ATM chr15 40494600 40494671 BUBI1B
chr11 108205690 108205841 ATM chr15 40494784 40494900 BUB1B
chr11 108206566 108206693 ATM chr15 40498379 40498664 BUBI1B
chr11 108213943 108214103 ATM chr15 40500832 40500976 BUBI1B
chr11 108216464 108216640 ATM chr1b 40501830 40501981 BUB1B
chr11 108218000 108218097 ATM chr15 40502305 40502416 BUBI1B
chr11 108224487 108224612 ATM chr15 40504694 40504854 BUBI1B
chr11 108225532 108225606 ATM chr15 40505527 40505680 BUB1B
chr11 108235803 108235950 ATM chr15 40509691 40509873 BUB1B
chr11 108236046 108236240 ATM chr15 40510651 40510768 BUBI1B
chr13 32890592 32890669 BRCA2 chr15 40512759 40512965 BUB1B
chr13 32893208 32893467 BRCA2 chr16 14014017 14014234 ERCC4
chr13 32899207 32899326 BRCA2 chr16 14015882 14016073 ERCC4
chr13 32900232 32900292 BRCAZ2 chr16 14020412 14020618 ERCC4
chr13 32900373 32900424 BRCA2 chr16 14021879 14022097 ERCC4
chr13 32900630 32900755 BRCA2 chr16 14024561 14024752 ERCC4
chr13 32903574 32903634 BRCA2 chr16 14026008 14026147 ERCC4
chr13 32905050 32905172 BRCA2 chr16 14028043 14028164 ERCC4
chr13 32906403 32907529 BRCA2 chr16 14028997 14029605 ERCC4
chr13 32910396 32915338 BRCA2 chr16 14031617 14031720 ERCC4
chr13 32918689 32918795 BRCA2 chr16 14038574 14038697 ERCC4
chr13 32920958 32921038 BRCA2 chr16 14041465 14042209 ERCC4
chr13 32928992 32929430 BRCA2 chr16 23614774 23614995 PALB2
chr13 32930559 32930751 BRCA2 chr16 23619179 23619338 PALB2
chr13 32931873 32932071 BRCA2 chr16 23625319 23625417 PALB2
chr13 32936654 32936835 BRCA2 chr16 23632677 23632804 PALB2
chr13 32937310 32937675 BRCA2 chr16 23634284 23634456 PALB2
chr13 32944533 32944699 BRCA2 chr16 23635324 23635420 PALB2
chr13 32945087 32945242 BRCAZ2 chr16 23637551 23637723 PALB2
chr13 32950801 32950933 BRCA2 chr16 23640519 23640601 PALB2
chr13 32953448 32953657 BRCA2 chr16 23640955 23641795 PALB2
chr13 32953881 32954055 BRCA2 chr16 23646177 23647660 PALB2
chr13 32954138 32954287 BRCA2 chr16 23649165 23649278 PALB2
chr13 32968820 32969075 BRCA2 chr16 23649385 23649455 PALB2
chr13 32971029 32971186 BRCAZ2 chr16 23652425 23652483 PALB2
chr13 82972298 32972912 BRCA2 chr16 68771313 68771371 CDH1
chr14 68290255 68290349 RAD51B chr16 68772194 68772319 CDH1
chr14 68292175 68292299 RAD51B chr16 68835567 68835801 CDH1
chr14 68301791 68301918 RAD51B chr16 68842321 68842475 CDH1
chr14 68331714 68331861 RAD51B chr16 68842590 68842756 CDH1
chr14 68352580 68352710 RAD51B chr16 68844094 68844249 CDH1
chr14 68353732 68353926 RAD51B chr16 68845581 68845767 CDH1
chr14 68758595 68758702 RAD51B chr16 68846032 68846171 CDH1
chr14 68878135 68878249 RAD51B chr16 68847210 68847403 CDH1

(continued in next column) (continued on following page)
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Table A1. Targeted Regions of the 32 Genes* (continued) Table A1. Targeted Regions of the 32 Genes* (continued)
Chromosome Chr Start Chr_End Gene Chromosome Chr Start Chr_End Gene
chr16 68849412 68849667 CDH1 chr17 7579833 7579917 TP53
chr16 68853177 68853333 CDH1 chr17 33427966 33428060 RAD51D
chr16 68855898 68856133 CDH1 chr17 33428214 33428389 RAD51D
chr16 68857296 68857534 CDH1 chr17 33430267 33430348 RAD51D
chr16 68862071 68862212 CDH1 chr17 33430467 33430568 RAD51D
chr16 68863551 68863705 CDH1 chr17 33433399 33433505 RAD51D
chr16 68867187 68867407 CDH1 chr17 33434001 33434146 RAD51D
chr16 89805003 89805121 FANCA chr17 33434379 33434471 RAD51D
chr16 89805100 89805121 FANCA chr17 33443872 33444061 RAD51D
chr16 89805284 89805387 FANCA chr17 33445514 33445643 RAD51D
chr16 89805535 89805702 FANCA chr17 33446124 33446196 RAD51D
chr16 89805531 89805702 FANCA chr17 33446545 33446637 RAD51D
chr16 89805880 89805966 FANCA chr17 41197795 41197824 BRCA1
chr16 89806396 89806512 FANCA chr17 41197689 41197824 BRCAT
chr16 89807206 89807279 FANCA chr17 41199654 41199725 BRCAT
chr16 89809202 89809351 FANCA chr17 41201132 41201216 BRCA1
chr16 89811361 89811484 FANCA chr17 41203074 41203139 BRCAT
chr16 89812986 89813101 FANCA chr17 41209063 41209157 BRCAT
chr16 89813233 89813303 FANCA chr17 41215344 41215395 BRCAT1
chr16 89815061 89815180 FANCA chr17 41215885 41215973 BRCAT
chr16 89816132 89816315 FANCA chr17 41219619 41219717 BRCAT
chr16 89818540 89818635 FANCA chr17 41222939 41223260 BRCAT1
chr16 89824979 89825118 FANCA chr17 41226342 41226543 BRCAT1
chr16 89828351 89828435 FANCA chr17 41228499 41228633 BRCAT
chr16 89831292 89831479 FANCA chr17 41228499 41228636 BRCAT1
chr16 89833543 89833650 FANCA chr17 41231345 41231421 BRCAT
chr16 89836239 89836437 FANCA chr17 41234415 41234597 BRCAT
chr16 89836568 89836672 FANCA chr17 41242955 41243054 BRCAT1
chr16 89836966 89837047 FANCA chr17 41243446 41246882 BRCAT
chr16 89838080 89838227 FANCA chr17 41246755 41246882 BRCAT
chr16 89839673 89839797 FANCA chr17 41247857 41247944 BRCAT1
chr16 89842144 89842228 FANCA chr17 41249255 41249311 BRCAT1
chr16 89845203 89845263 FANCA chr17 41251786 41251902 BRCAT
chr16 89845345 89845416 FANCA chr17 41256133 41256283 BRCAT1
chr16 89846271 89846370 FANCA chr17 41256879 41256978 BRCAT
chr16 89849261 89849331 FANCA chr17 41258467 41258548 BRCAT
chr16 89849409 89849515 FANCA chr17 41258467 41258555 BRCAT1
chr16 89851256 89851377 FANCA chr17 41267737 41267801 BRCAT1
chr16 89857805 89857949 FANCA chr17 41276028 41276118 BRCAT
chr16 89858329 89858481 FANCA chr17 56432298 56432352 RNF43
chr16 89858873 89858960 FANCA chr17 56434823 56436189 RNF43
chr16 89862308 89862431 FANCA chr17 56437504 56437617 RNF43
chr16 89865481 89865492 FANCA chr17 56438138 56438310 RNF43
chr16 89865568 89865645 FANCA chr17 56439899 56440014 RNF43
chr16 89866007 89866051 FANCA chr17 56440630 56440772 RNF43
chr16 89869661 89869754 FANCA chr17 56440881 56440966 RNF43
chr16 89871682 89871805 FANCA chr17 56448266 56448399 ARNF43
chr16 89874696 89874780 FANCA chr17 56492681 56492943 RNF43
chr16 89877109 89877215 FANCA chr17 56769999 56770154 RAD51C
chr16 89877331 89877484 FANCA chr17 56772286 56772555 RAD51C
chr16 89880922 89881026 FANCA chr17 56772286 56772559 RAD51C
chr16 89882279 89882399 FANCA chr17 56774048 56774225 RAD51C
chr16 89882939 89883028 FANCA chr17 56780551 56780695 RAD51C
chr17 7572921 7573013 TP53 chr17 56787214 56787356 RAD51C
chr17 7573921 7574038 TP53 chr17 56798101 56798178 RAD51C
chr17 7576531 7576589 TP53 chr17 56801395 56801466 RAD51C
chr17 7576619 7576662 TP53 chr17 56809839 56809910 RAD51C
chr17 7576847 7576931 TP53 chr17 56811473 56811588 RAD51C
chr17 7577013 7577160 TP53 chr17 59760651 59761506 FANCJ
chr17 7577493 7577613 TP53 chr17 59763191 59763531 FANCJ
chr17 7578171 7578294 TP53 chr17 59770785 59770878 FANCJ
chr17 7578365 7578457 TP53 chr17 59793306 59793429 FANCJ
chr17 7578365 7578538 TP53 chr17 59820368 59820500 FANCJ
chr17 7578365 7578559 TP53 chr17 59821787 59821957 FANCJ
chr17 7579306 7579574 TP53 chr17 59853756 59853928 FANCJ
chr17 7579306 7579595 TP53 chr17 59857616 59857767 FANCJ
chr17 7579694 7579726 TP53 (continued on following page)

(continued in next column)
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Table A1. Targeted Regions of the 32 Genes* (continued)

Chromosome Chr Start Chr_End Gene
chr17 59858195 59858371 FANCJ
chr17 59861625 59861790 FANCJ
chr17 59870952 59871095 FANCJ
chr17 59876455 59876665 FANCJ
chr17 59878608 59878840 FANCJ
chr17 59885822 59886123 FANCJ
chr17 59924456 59924586 FANCJ
chr17 59926484 59926622 FANCJ
chr17 59934413 59934597 FANCJ
chr17 59937151 59937273 FANCJ
chr17 59938802 59938905 FANCJ
chr19 1206907 1207207 STK11
chr19 1218410 1218504 STK11
chr19 1219317 1219417 STK11
chr19 1220366 1220509 STK11
chr19 1220574 1220721 STK11
chr19 1221206 1221344 STK11
chr19 1221942 1222010 STK11
chr19 1222978 1223176 STK11
chr19 1226447 1226651 STK11
chr7 142457330 142457380 PRSS1
chr7 142458400 142458570 PRSS1
chr7 142459619 142459883 PRSS1
chr7 142460276 142460423 PRSS1
chr7 142460713 142460876 PRSS1
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