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Abstract

Background: Although several hereditary cancer predisposition genes have been implicated in pancreatic ductal
adenocarcinoma (PDAC) susceptibility, gene-specific risks are not well defined and are potentially biased because of the de-
sign of previous studies. More precise and unbiased risk estimates can result in screening and prevention better tailored to
genetic findings. Methods: This is a retrospective analysis of 676 667 individuals, 2445 of whom had a personal diagnosis of
PDAC, who received multigene panel testing between 2013 and 2020 from a single laboratory. Clinical data were obtained
from test requisition forms. Multivariable logistic regression models determined the increased risk of PDAC because of
pathogenic variants (PVs) in various genes as adjusted odds ratios (ORs) with 95% confidence intervals (CIs). Multivariable
odds ratios were adjusted for age, personal and/or family cancer history, and ancestry. Results: Overall, 11.1% of patients
with PDAC had a PV. Statistically significantly elevated PDAC risk (2-sided P< .05) was observed for CDK2NA (p16INK4a) (OR ¼
8.69, 95% CI ¼ 4.69 to 16.12), ATM (OR ¼ 3.44, 95% CI ¼ 2.58 to 4.60), MSH2 (OR ¼ 3.17, 95% CI ¼ 1.70 to 5.91), PALB2 (OR ¼ 3.09,
95% CI ¼ 2.02 to 4.74), BRCA2 (OR ¼ 2.55, 95% CI ¼ 1.99 to 3.27), and BRCA1 (OR ¼ 1.62, 95% CI ¼ 1.07 to 2.43). Conclusions: This
study provides PDAC risk estimates for 6 genes commonly included in multigene panel testing for hereditary cancer risk.
These estimates are lower than those from previous studies, possibly because of adjustment for family history, and support
current recommendations for germline testing in all PDAC patients, regardless of a personal or family history of cancer.

Pancreatic ductal adenocarcinoma (PDAC) currently accounts
for 3% of all cancer diagnoses in the United States but approxi-
mately 7% of all cancer deaths (1). The majority of the 60 000
cases expected in 2021 were diagnosed after disease had already
metastasized regionally or to distant organs, with an overall 5-
year survival rate of only 10% (1). PDAC is projected to be the
second leading cause of cancer death by 2030, highlighting the
need for improved strategies for prevention, early detection,
and treatment (2).

Emerging evidence suggests that screening can detect pre-
malignant lesions and malignancies at earlier stages, resulting
in improved survival (3,4). Studies report that 75%-90% of
screen-detected PDAC is surgically resectable at diagnosis
(5). Current screening options for PDAC such as endoscopic

ultrasonography are unsuitable for use in the general popula-
tion, because of cost, complexity, and the potential for associ-
ated morbidity (6). However, screening targeted to those at
increased risk for the disease may be a practical and effective
tool for improved survival.

Germline pathogenic variants (PVs) in hereditary cancer
genes are an important contributor to increased PDAC risk.
Studies have found such PVs in approximately 10% of unse-
lected PDAC cases (7,8) and in up to 30% of cases within popula-
tions enriched for family history of cancer and/or common
founder variants (ie, Ashkenazi Jews) (8). In 2018, this data led
the National Comprehensive Cancer Network (NCCN) to recom-
mend germline genetic testing and counseling for all PDAC
patients regardless of ancestry or additional personal and
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family history. For the PDAC patient, identification of PVs in cer-
tain genes may provide an opportunity to utilize targeted thera-
pies, such as PARP inhibitors (9). For relatives, it provides an
opportunity to utilize genetic testing to determine their own PV
status and whether they are candidates for risk-reduction strat-
egies targeted to PDAC and other cancers.

Table 1 provides an overview of the genes with the best evi-
dence to date supporting an association with PDAC risk, along
with the associated syndromes, risk estimates, and management
recommendations from professional societies. Because of limited
sample sizes, risk estimates for most genes vary statistically sig-
nificantly between studies, with wide confidence intervals.

This study estimates the PDAC risk associated with PVs in
hereditary cancer genes based on data from multigene panel
testing of 676 667 individuals, 2445 of whom had a personal di-
agnosis of PDAC. Multivariable logistic regression models
(MLRM) were used to estimate risk within a clinical testing pop-
ulation adjusted for variables that influence ascertainment and/
or eligibility for hereditary cancer testing. It has been shown pre-
viously that this methodology generates risk estimates similar to
those from population-based studies, representing the magni-
tude of risk attributable to the genetic findings independent of
other risk factors that impact ascertainment (23). This is espe-
cially important considering that PVs associated with an in-
creased risk for PDAC are frequently identified in individuals
tested for reasons other than a personal or family history of
PDAC, such as a personal and/or family history of other cancers,
or as incidental findings from testing performed for other rea-
sons. These improved PDAC risk estimates will hopefully contrib-
ute to the development of management recommendations better

tailored to genetic findings. We also present data supporting cur-
rent recommendations for germline testing in all PDAC patients
based on a high prevalence of clinically significant PVs regardless
of additional personal and/or family history variables.

Methods

Testing Population

Between September 2013 and May 2020, 676 667 individuals
underwent clinical genetic testing for suspicion of hereditary
cancer risk, performed by Myriad Genetic Laboratories, Inc (Salt
Lake City, UT, USA), a national Clinical Laboratory Improvement
Amendments and College of American Pathology certified facil-
ity. Clinical information and self-reported ancestry were
obtained from provider-completed test request forms. All indi-
viduals provided consent for clinical testing. Testing data were
de-identified for analysis. A waiver of consent for research was
obtained from Advarra institutional review board (Pro00036775).

Patients were excluded from analysis if they were aged
younger than 18 years at the time of testing, had prior genetic
testing for familial or founder mutations, or were from states
that disallow the use of de-identified genetic data for research.
Patients were included in the PDAC cohort if a personal history
of PDAC was indicated on the test request form.

Multigene Hereditary Cancer Panel Testing

Testing was performed on DNA extracted from blood or saliva
using previously described technologies (24,25). The next

Table 1. PDAC-associated genes by syndrome, risk estimate, and management recommendations by professional societies

Genes Syndrome
Previously published pancreatic

cancer risk estimates, ORa

Professional society screening
recommendations

APC Familial adenomatous polyposis (FAP) RR¼ 4.5 (10) Yes (5)b

ATM ATM-associated cancer risk OR¼ 4.2 (11) Yes (5,14,15)b

OR¼ 5.7 (12)
OR¼ 9.0 (13)

BRCA1 Hereditary breast and ovarian cancer OR¼ 2.6 (12) Yes (5,14,15)b

OR¼ 3.0 (13)
BRCA2 Hereditary breast and ovarian cancer OR¼ 6.2 (12) Yes (5,14,15)b

OR¼ 9.0 (13)
CDKN2A (p16INK4a) Hereditary melanoma/pancreatic cancer OR¼ 12.3 (12) Yes (5,14–16)b

OR¼ 36.0 (13)
MLH1 Lynch 6.2% (17) Yes (5,14,15,18)b

OR¼ 6.7 (12)
MSH2/EPCAM Lynch 0.5%-1.6% (17) Yes (5,14,15,18)b

OR¼ 7.1 (13)
MSH6 Lynch 1.4%-1.6% (17) Yes (5,14,15,18)b

OR¼ 7.8 (13)
PMS2 Lynch OR¼ 0.7 (12) Yes (18)b

�1%-1.6% (17)
PALB2 PALB2-associated cancer risk RR¼ 2-3 (19) Yes (5,14,15)b

OR¼ 14.8 (13)
BMPR1A Juvenile polyposis Elevated risk (18,20,21) No
SMAD4 Elevated risk (18,20,21) No
STK11 Peutz-Jeghers 11.0% (17) Yes (5,14–16,18)c

36% (22)
TP53 Li-Fraumeni OR¼ 6.7 (12) Yes (5)b

OR¼ 7.2 (13)

aAll other risk estimates are provided as cumulative risk. OR ¼ odds ratio; RR ¼ relative risk;
bRecommendations based on if a first-degree or second-degree relative had a PDAC diagnosis;
cRecommendations based on presence of pathogenic variant regardless of family history.
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generation sequencing hereditary pan-cancer panel test in-
cluded 25-35 genes: APC, AXIN2, ATM, BARD1, BMPR1A, BRCA1,
BRCA2, BRIP1, CDH1, CDK4, CDKN2A, CHEK2, EPCAM, GALNT12,
GREM1, HOXB13, MLH1, MSH2, MSH3, MSH6, MUTYH, NBN,
NTHL1, PALB2, PMS2, POLD1, POLE, PTEN, RAD51C, RAD51D,
RNF43, RPS20, SMAD4, STK11, and TP53. Sequencing and large
rearrangement analysis was performed for all genes on the
panel except HOXB13 (sequencing only), POLD1 and POLE (se-
quencing only; limited to the exonuclease domains), GREM1
(large rearrangement only), and EPCAM (large rearrangement
only). POLD1, POLE, and GREM1 were added to the panel in July
2016, HOXB13 in October 2018, and AXIN2, GALNT12, MSH3,
NTHL1, RNF43, and RPS20 in February 2019.

Variant Classification

Variant classification was consistent with guidelines from the
American College of Medical Genetics and Genomics and the
Association for Molecular Pathology, as described previously
(26–28). Variants with a laboratory classification of deleterious
or suspected deleterious were considered PVs.

Statistical Analysis

MLRM were used to estimate PDAC risk associated with each
gene for which there were at least 5 individuals with a personal
history of PDAC also carrying a PV in that gene. Risk is
expressed as odds ratios (OR) with 95% confidence intervals (CI),
which estimate the relative risks conferred by mutations after
accounting for other risk factors. It has been shown that these
models generate unbiased risk estimates for breast and ovarian
cancer, similar to results from population-based studies
(23,29,30). All models were adjusted for age, ancestry, gender,
and personal and/or family cancer histories. Two-sided P values
less than .05 were considered statistically significant for the
purposes of this study. Further details regarding coding of varia-
bles are provided in Supplementary Methods (available online).
Analyses were conducted using SAS software (SAS Institute Inc,
Cary, North Carolina, USA).

Results

Patient Characteristics

Among the 676 667 individuals included in the analysis, 2445
(0.4%) had a personal history of PDAC. Patient demographics are
presented in Table 2. Most PDAC patients were female (57.1%)
and 42.9% were male. Patients with a history of PDAC were
mainly of Black or African (10.7%) or White or non-Hispanic
(61.7%) ancestry. Providers indicated that most patients were
tested for suspicion of hereditary breast and ovarian cancer
(HBOC) (90.7%). The remaining (9.3%) patients were tested for sus-
picion of Lynch syndrome. Most (70.5%) patients were diagnosed
with PDAC after age 50 years, with only 16.9% of patients diag-
nosed at or younger than age 50 years. Age of diagnosis was not
known for 12.7% of patients.

Genetic Testing for Patients With PDAC

The overall PV-positive rate was 11.1% (271 of 2445) among
patients with PDAC. The distribution of PVs is presented in
Table 3. PVs were most common in BRCA2, ATM, BRCA1, and

PALB2 in our patient population (2.9%, 2.1%, 1.0%, and 0.9%, re-
spectively). Ten (0.4%) patients with PDAC had a PV in more
than 1 gene. These patients were not included in the risk esti-
mate analysis. The median age at diagnosis of PDAC varied by
gene, ranging from 46 to 76 years.

The July 2018 NCCN guideline update recommending germline
testing for all patients with PDAC was correlated with an increase
in the proportion of patients with PDAC within the tested popula-
tion, suggesting a positive association between guideline recom-
mendations and patients receiving germline testing. The PV rate
declined after 2018 but remained close to 10% annually (Figure 1).

Among patients with a history of PDAC, 29.8% (728 of 2445)
had a personal history of additional cancer(s). The PV rate
among patients with PDAC and additional cancer(s) was 14.4%
compared with a PV rate of 9.7% among those with no history of
additional cancers (Table 4). Most patients with a PDAC diagno-
sis had a family history of cancer (84.5%; 2066 of 2445). The PV
rate among patients with PDAC and a family history of cancer
was 11.6% compared with a rate of 8.4% in patients with PDAC
and no reported family history (Table 5).

Risk Estimates (OR) for PDAC

Risk estimates derived from the logistic regression analysis are
presented in Table 6. PVs in CDKN2A (p16INK4a), ATM, MSH2,
PALB2, BRCA2, and BRCA1 were associated with a statistically
significantly higher risk of PDAC compared with PV-negative
individuals after accounting for age, gender, personal and/or

Table 2. Demographics of patients with pancreatic ductal
carcinomaa

Category

Pancreatic ductal carcinoma patients

All With PV Without PV

No. (%) No. (%) No. (%)

Total 2445 (100) 271 (100) 2174 (100)
Gender

Female 1395 (57.1) 143 (52.8) 1252 (57.6)
Male 1050 (42.9) 128 (47.2) 922 (42.4)

Ancestry
Ashkenazi Jewish 28 (1.1) 6 (2.2) 22 (1.0)
Asian 61 (2.5) 10 (3.7) 51 (2.3)
Black/African 261 (10.7) 28 (10.3) 233 (10.7)
Hispanic/Latino 178 (7.3) 15 (5.5) 163 (7.5)
Middle Eastern 13 (0.5) 1 (0.4) 12 (0.6)
Multiple ancestries
indicated

118 (4.8) 11 (4.1) 107 (4.9)

Native American 15 (0.6) 1 (0.4) 14 (0.6)
None specified 253 (10.3) 23 (8.5) 230 (10.6)
Other 7 (0.3) 1 (0.4) 6 (0.3)
Pacific Islander 2 (<0.1) 1 (0.4) 1 (<0.1)
White/Non-Hispanic 1509 (61.7) 174 (64.2) 1335 (61.4)

Reason for testing
Clinical suspicion of
HBOC

2217 (90.7) 236 (87.1) 1981 (91.1)

Clinical suspicion of
Lynch syndrome

228 (9.3) 35 (12.9) 193 (8.9)

Age at pancreatic ductal carcinoma diagnosis, y
<50 412 (16.9) 47 (17.3) 365 (16.8)
>50 1723 (70.5) 191 (70.5) 1532 (70.5)
Missing 310 (12.7) 33 (12.2) 277 (12.7)

aHBOC ¼ hereditary breast and ovarian cancer; PV ¼ pathogenic variants.
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family cancer history, and ancestry (P< .05). The highest risk of
PDAC was associated with PVs in CDK2NA (p16INK4a) (OR ¼
8.69, 95% CI ¼ 4.69 to 16.12; P< .0001).

Discussion

Several cancer predisposition genes have a well-established as-
sociation with PDAC risk, but published gene-specific risk esti-
mates vary widely and may not apply to carriers of PVs detected
in individuals without a family history of the disease or other
risk factors for PDAC. The estimates presented here are based
on the results of multigene panel testing in 676 667 individuals,
including 2445 PDAC patients. Overall, 11.1% of the PDAC
patients were found to carry at least 1 PV in a hereditary cancer
predisposition gene. We were able to calculate statistically sig-
nificant PDAC risk for 6 genes, including CDKN2A, ATM, MSH2,
PALB2, BRCA2, and BRCA1. The odds ratios for these genes are
lower than those that have been reported previously. This is be-
cause, in part, these estimates having been adjusted for clinical
and demographic characteristics that may be associated with
cancer risk, including age, personal cancer history, family can-
cer history, and ancestry yielding odds ratios attributable specif-
ically to having a PV in each of the studied genes. This
methodology was originally applied by Kurian et al. (23) to eval-
uate gene-specific breast and ovarian cancer risks. Although the
risks reported by Kurian et al. (23) were lower than previously
reported for many genes, the findings align with recent reports
from large cohorts in unselected populations, reinforcing the
importance of adjusting for additional confounding risk factors
(29,30).

The only other PDAC risk estimates derived from multigene
testing of comparably large samples are from the case-control
analyses published by Hu et al., where PDAC cases tested at a

commercial laboratory (13), or from a single cancer clinic (12),
were compared with general population controls from the
Genome Aggregation Database and the Exome Aggregation
Database Consortium. This approach has become popular for
investigating gene associations with cancer risks in samples for
which large control groups are difficult to obtain. However,
there are concerns about the reliability of genetic data available
in these databases, especially for difficult to analyze regions of
DNA. Additionally, previous studies have shown that the use of
general population controls can artificially inflate the calculated
relative risk, as the heterogeneity in sample ascertainment can
lead to clinical cases enriched for PVs compared with general
population cases (23,31).

Among PDAC patients, PVs were most common in BRCA2
and ATM. This is consistent with other large studies, indicating
that PVs in these genes are important contributors to inherited
PDAC risk (7,12,32,33). The odds ratio for PDAC was 2.55 (95% CI
¼ 1.99 to 3.27) for BRCA2 and 3.44 (95% CI ¼ 2.58 to 4.60) for ATM,
which is less than half of what was previously reported in other
large studies (12,13).

PVs in PALB2 were relatively common in PDAC patients. The
3.09 odds ratio (95% CI ¼ 2.02 to 4.74) calculated for PALB2 is
close to the 2.37 [relative risk estimated in a previous study of
534 families with known PVs in PALB2 (5) but much lower than
the 14.8 odds ratio (95% CI ¼ 8.12 to 26.22) calculated elsewhere
(12)].

CDK2NA (p16INK4a) is consistently found to be one of the
highest risk genes for PDAC in the published literature, with
reported risks ranging from a 12- to 36-fold increased risk in car-
riers (12,13). CDKN2A (p16INK4a) conferred the highest PDAC
risk of the genes evaluated here (OR ¼ 8.69, 95% CI ¼ 4.69 to
16.12), although the confidence interval is wide because of the
relatively small number of individuals identified with PVs in
this gene. Additional studies may be needed to better refine the
gene-specific risk, but the body of evidence consistently shows
a high risk of PDAC in CDKN2A (p16INK4a) PV carriers, support-
ing recommendations for PDAC screening in unaffected
carriers.

Individuals with Lynch syndrome are believed to have an in-
creased risk for PDAC, and screening is currently recommended for
carriers of PVs in MLH1, MSH2, and MSH6 if they have a first- or
second-degree relative with PDAC (5,14,18). However, risk estimates
for these genes are inconsistent between studies. We calculated a
3.17 odds ratio (95% CI ¼ 1.70 to 5.91) for MSH2, based on 12 PVs
identified in PDAC patients. MSH6 PVs were identified in 8 individu-
als with PDAC, but the odds ratio was not statistically significantly
different from 1. No other Lynch gene had sufficient findings for
analysis.

Previous studies report an 11- to 36-fold increased PDAC risk
associated with PVs in STK11 (17,22). We did not identify any
STK11 PVs in PDAC patients, which is consistent with other
studies reporting on the outcomes of multigene panel testing in
adults with PDAC (12,13). This is probably because individuals
with PVs in this gene are often ascertained at a young age based
on clinical manifestations of Peutz-Jeghers syndrome.

The odds ratio for PDAC associated with CHEK2 was not sta-
tistically significant, although CHEK2 PVs were found in 0.8% of
the PDAC patients. CHEK2 is not considered to be a PDAC risk
gene, and PVs in CHEK2 are relatively common in patients re-
ferred for hereditary cancer testing (12,34). BRIP1 PVs were also
relatively common, found in 0.5% of the PDAC patients. The 1.78
odds ratio (95% CI ¼ 0.99 to 3.20) for BRIP1 was approaching sta-
tistical significance, but a larger sample size could likely yield
more definitive results.

Table 3. Pathogenic variant gene distribution

Genes No.
% of patients

with PVs
Median age of

PDAC diagnosis, y

BRCA2 71 2.9 59
ATM 52 2.1 62
BRCA1 25 1 57
PALB2 23 0.9 54
CHEK2 20 0.8 64
CDKN2A (p16INK4a) 13 0.5 63
BRIP1 12 0.5 63
MSH2 12 0.5 52
MSH6 8 0.3 60
NBN 6 0.2 55
PMS2 4 0.2 51
BARD1 3 0.1 62
MLH1 3 0.1 46
RAD51C 3 0.1 76
APC 2 0.1 55
RAD51D 2 0.1 49
CDH1 1 <0.1 61
TP53 1 <0.1 49
Multiple genesa 10 0.4 69
Any 271 11.1 60

aThe following combinations were observed among individuals with PVs in

multiple genes: ATM/BRCA2 (n ¼ 3), ATM/CHEK2 (n ¼ 2), ATM/BRIP1 (n ¼ 1), ATM/

CDKN2A (p16INK4a) (n ¼ 1), ATM/PMS2 (n ¼ 1), BRCA2/CDKN2A (p16INK4a) (n ¼ 1),

BRIP1/PALB2 (n ¼ 1). PDAC ¼ pancreatic ductal adenocarcinoma; PV ¼pathogenic

variant.
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Consistent with previous studies, our results support the
2018 NCCN guideline expansion recommending multigene he-
reditary cancer panel testing in patients diagnosed with PDAC at
any age, without additional clinical history requirements
(12,32,33). The number of PDAC patients referred for testing after
the guideline expansion increased, with a drop in the positive
rate, although it remained close to 10%. The positive rate was
somewhat enriched in patients with a personal or family history

of additional cancers but remained above 8% even among
patients with no additional personal or family cancer history.

Our study has some limitations. Clinical information was
obtained from provider-completed test requisition forms in
conjunction with clinical testing and was not verified. It is

PDAC prevalence rate

2013

2014

2015

2016

2017

2018

2019

2020

0% 0.5% 1% 1.5% 2%

0% 10% 20% 30% 40% 50%

PV rate in pancreatic cancer

Figure 1. PV rate from 2013 to 2020 in patients with PDAC referred for genetic testing. 2013 only includes data from the last 4 months of 2013, the year that the Myriad

myRisk hereditary cancer test was launched. PV ¼ pathogenic variants; PDAC ¼ pancreatic ductal adenocarcinoma.

Table 4. Personal cancer history in patients with PDAC

Personal history of
other cancers No. tested

No. with
a PV % with a PV

No additional cancer 1717 166 9.7
Any additional cancer or polypsa 728 105 14.4

Breast 268 48 17.9
Colorectal 82 8 9.8
Ovarian 32 4 12.5
Endometrial 42 9 21.4
Prostate 68 7 10.3
Melanoma 38 9 23.7
Gastric 11 2 18.2
Other 240 38 15.8

aPatients may have 1 or more cancers. Patients with multiple additional cancers

are counted for each cancer for which they have a personal history. Twenty-

three patients were tested with colon polyps of which 6 (26.1%) patients had a

PV. Patients included had more than 20 polyps to align with National

Comprehensive Cancer Network guidelines for APC testing. PDAC ¼ pancreatic

ductal adenocarcinoma; PV ¼ pathogenic variant.

Table 5. Family history of cancer in patients with PDAC

Family history of other cancers No. tested
No. with

a PV % with a PV

No family history of other cancer 379 32 8.4
Family history of any other

cancer or polypsa

2066 239 11.6

Breast 1017 153 15.0
PDAC 586 71 12.1
Colorectal 525 74 14.1
Ovarian 288 43 14.9
Endometrial 118 13 11.0
Prostate 425 53 12.5
Melanoma 139 19 13.7
Gastric 199 23 11.6
Other 1064 111 10.4

aPatients may have 1 or more cancers. Patients with multiple additional cancers

are counted for each cancer for which they have a family history. Eight patients

were tested with colon polyps of which 1 patient (12.5%) had a PV. Family mem-

bers included had more than 20 polyps to align with National Comprehensive

Cancer Network guidelines for APC testing. PDAC ¼ pancreatic ductal carci-

noma; PV ¼ pathogenic variant.
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possible that some of the reported pancreatic cancers were en-
docrine tumors rather than exocrine PDAC. However, it is un-
likely that testing would have been ordered for a patient with
an endocrine pancreatic tumor, given that the testing criteria
are specific to PDAC and the gene panel used for testing does
not include any of the genes currently believed to be relevant to
endocrine pancreatic tumors. We did not address other factors
that may contribute to increased risk, such as environment or
lifestyle. The majority of patients included in this study were re-
ferred for testing due to suspicion of HBOC or Lynch syndrome,
which may impact the observed cancer histories (5). However,
multigene panel testing is recommended for a variety of heredi-
tary cancer syndromes beyond HBOC and Lynch, which we ob-
served in our testing population. Additionally, although this
study included one of the largest cohorts of patients with PDAC
tested to date, there were still limited numbers of PVs in many
genes, limiting ability to estimate the risk associated with those
genes.

The lower risk estimates found in this study may have
broader implications for gene-specific PDAC risk management
in unaffected individuals, although the impact of additional
clinical factors, such as family history and other PDAC risk fac-
tors will need further investigation. One area for future investi-
gation is the average age of diagnosis, which varied within the
group of genes for which there are statistically significant odds
ratio, ranging from 63 for CDKN2A to 52 for MSH2. This could im-
pact recommendations for the age at which to initiate screen-
ing. The MLRM methodology used for this study can in theory
be applied to pooled datasets from multiple clinical laboratories,
which would be a powerful strategy for obtaining the larger
sample sizes required to better resolve these questions.

Findings from this study provide statistically significant
gene-specific PDAC risk estimates for CDKN2A (p16INK4a), ATM,
MSH2, PALB2, BRCA1, and BRCA2. These estimates are lower
than those from previous studies, likely because of the use of a
MLRM methodology. CDK2NA (p16INK4a) was associated with
the highest PDAC risk, consistent with previous findings. Our
data also validate current testing recommendations for all
PDAC patients. Although positive rates have declined over time,
as testing criteria have become broader, the proportion of indi-
viduals with PDAC positive for a PV in a clinically important he-
reditary cancer gene remains high regardless of personal or
family cancer history. Genetic findings provide critical informa-
tion that can be used to target screening and prevention options
for PDAC and other cancers to unaffected individuals, as well as
potentially informing therapeutic options for patients already
diagnosed with this disease.

Funding

This work was supported by Myriad Genetics, which mar-
kets a hereditary cancer panel.

Notes

Role of the funder: Myriad Genetics provided support in the de-
sign of the study, collection, analysis, interpretation of data,
and writing the manuscript.

Disclosures: AG, JK, ME, KY, BM, NT, SC, and ER were employed
by Myriad Genetics, Inc, at the time this study was conducted
and received salary and stock options.

Author contributions: Anna Gardiner: Conceptualization,
Methodology, Data Curation, Writing—Original Draft, Writing—
Review and Editing, Visualization. John Kidd:
Conceptualization, Validation, Formal Analysis, Data Curation,
Writing—Review and Editing. Maria Elias: Conceptualization,
Data Curation, Writing—Original Draft, Writing—Review and
Editing. Kayla Young: Conceptualization, Data Curation,
Writing—Original Draft, Writing—Review and Editing. Brent
Mabey: Validation, Formal Analysis. Nassim Taherian:
Conceptualization, Writing—Review and Editing. Shelly
Cummings: Writing—Review and Editing. Mokenge Malafa:
Writing—Review and Editing. Eric Rosenthal:
Conceptualization, Formal Analysis, Writing—Original Draft,
Writing—Review and Editing. Jennifer Permuth:
Conceptualization, Formal Analysis, Writing—Original Draft,
Writing—Review and Editing, Supervision.

Acknowledgements: The authors would like to thank Jennifer
Saam, MS, PhD, and Johnathan Lancaster, MD, PhD, for their as-
sistance with manuscript development and Krystal Brown, PhD,
for her assistance in the review of this manuscript.

Data Availability

The data that support the findings of this study are available
from Myriad upon reasonable request. Requests can be initiated
by contacting the corresponding author by email. Data requests
will be reviewed by Myriad and will be made available assuming
the intent is to advance research, there are no patient privacy or
safety concerns, and the data will not be made open access.

References
1. American Cancer Society. Key statistics for pancreatic cancer; 2020 https://

www.cancer.org/cancer/pancreatic-cancer/about/key-statistics.html.
Accessed February 10, 2021.

2. Shindo K, Yu J, Suenaga M, et al. Deleterious germline mutations in patients
with apparently sporadic pancreatic adenocarcinoma. J Clin Oncol. 2017;
35(30):3382–3390.

3. Vasen H, Ibrahim I, Ponce CG, et al. Benefit of surveillance for pancreatic can-
cer in high-risk individuals: outcome of long-term prospective follow-up
studies from three European Expert Centers. J Clin Oncol. 2016;34(17):
2010–2019.

4. Buanes TA. Role of surgery in pancreatic cancer. World J Gastroenterol. 2017;
23(21):3765–3770.

5. Daly MB, Pilarski R, Berry M, et al.; for the NCCN Guidelines Version 1.2022
Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic;
2021. https://www.nccn.org/guidelines/guidelines-detail?category¼2&id¼1503.
Accessed December 15, 2021.

6. Owens DK, Davidson KW, Krist AH, et al.; for the US Preventive Services Task
Force. Screening for pancreatic cancer: US preventive services task force reaf-
firmation recommendation statement. JAMA. 2019;322(5):438–444.

Table 6. Gene-specific risk of pancreatic ductal adenocarcinomaa

Gene OR (95% CI) P

CDKN2A (p16INK4a) 8.69 (4.69 to 16.12) <.001
ATM 3.44 (2.58 to 4.60) <.001
MSH2 3.17 (1.70 to 5.91) <.001
PALB2 3.09 (2.02 to 4.74) <.001
BRCA2 2.55 (1.99 to 3.27) <.001
BRCA1 1.62 (1.07 to 2.43) .02
BRIP1 1.78 (0.99 to 3.20) .05
NBN 1.48 (0.65 to 3.36) .35
MSH6 1.11 (0.55 to 2.25) .78
CHEK2 1.04 (0.67 to 1.63) .86

aCI ¼ confidence interval; OR ¼ odds ratio.

A
R

T
IC

LE

A. Gardiner et al. | 1001

https://www.cancer.org/cancer/pancreatic-cancer/about/key-statistics.html
https://www.cancer.org/cancer/pancreatic-cancer/about/key-statistics.html


7. Astiazaran-Symonds E, Goldstein AM. A systematic review of the prevalence
of germline pathogenic variants in patients with pancreatic cancer. J
Gastroenterol. 2021;56(8):713–721.

8. Salo-Mullen EE, O’Reilly EM, Kelsen DP, et al. Identification of germline ge-
netic mutations in patients with pancreatic cancer. Cancer. 2015;121(24):
4382–4388.

9. Tempero MA, Malafa MP, Al-Hawary M, et al. Pancreatic adenocarcinoma,
version 2.2021, NCCN clinical practice guidelines in oncology. J Natl Compr
Canc Netw. 2021;19(4):439–457.

10. Giardiello FM, Offerhaus GJ, Lee DH, et al. Increased risk of thyroid and pan-
creatic carcinoma in familial adenomatous polyposis. Gut. 1993;34(10):
1394–1396.

11. Hall MJ, Bernhisel R, Hughes E, et al. Germline pathogenic variants in the
Ataxia Telangiectasia Mutated (ATM) gene are associated with high and
moderate risks for multiple cancers. AACR Cancer Prev Res. 2021;14(4):
433–440.

12. Hu C, Hart SN, Polley EC, et al. Association between inherited germline muta-
tions in cancer predisposition genes and risk of pancreatic cancer. JAMA.
2018;319(23):2401–2409.

13. Hu C, LaDuca H, Shimelis H, et al. Multigene hereditary cancer panels reveal
high-risk pancreatic cancer susceptibility genes. J Clin Oncol Precis Oncol. 2018;
2(2):1–28.

14. Goggins M, Overbeek KA, Brand R, et al.; for the International Cancer of the
Pancreas Screening (CAPS) Consortium. Management of patients with in-
creased risk for familial pancreatic cancer: updated recommendations from
the International Cancer of the Pancreas Screening (CAPS) consortium. Gut.
2020;69(1):7–17.

15. Syngal S, Brand RE, Church JM, Giardiello FM, Hampel HL, Burt RW; for the
American College of Gastroenterology. ACG clinical guideline: genetic testing
and management of hereditary gastrointestinal cancer syndromes. Am J
Gastroenterol. 2015;110(2):223–262.

16. Aslanian HR, Lee JH, Canto MI. AGA clinical practice update on pancreas can-
cer screening in high-risk individuals: expert review. Gastroenterology. 2020;
159(1):358–362.

17. Moller P, Seppala TT, Bernstein I, et al.; for the Mallorca Group. Cancer risk and
survival in path_MMR carriers by gene and gender up to 75 years of age: a report
from the Prospective Lynch Syndrome Database. Gut. 2018;67(7):1306–1316.

18. Gupta S, Weiss JM, Axell L, et al. NCCN Guidelines Version 1.2021. Genetic/
Familial High-Risk Assessment: Colorectal. National Comprehensive Cancer
Network (NCCN); 2021. https://pubmed.ncbi.nlm.nih.gov/34666312/.
Accessed December 15, 2021.

19. Yang X, Leslie G, Doroszuk A, et al. Cancer risks associated with germline
PALB2 pathogenic variants: an international study of 524 families. J Clin
Oncol. 2020;38(7):674–685.

20. Howe JR, Mitros FA, Summers RW. The risk of gastrointestinal carcinoma in
familial juvenile polyposis. Ann Surg Oncol. 1998;5(8):751–756.

21. National Cancer Institute, Surveillance, Epidemiology, and End Results
Program. Fast Stats: an interactive tool for access to SEER cancer statistics;
2020. https://seer.cancer.gov/explorer/. Accessed February 10, 2021.

22. van Lier MG, Wagner A, Mathus-Vliegen EM, Kuipers EJ, Steyerberg EW, van
Leerdam ME. High cancer risk in Peutz-Jeghers syndrome: a systematic review
and surveillance recommendations. Am J Gastroenterol. 2010;105(6):1258–1264.

23. Kurian AW, Hughes E, Handorf EA, et al. Breast and ovarian cancer pene-
trance estimates derived from germline multiple-gene sequencing results in
women. J Clin Oncol Precis Oncol. 2017;2017(1):1–12.

24. Judkins T, Leclair B, Bowles K, et al. Development and analytical validation of
a 25-gene next generation sequencing panel that includes the BRCA1 and
BRCA2 genes to assess hereditary cancer risk. BMC Cancer. 2015;15:215.

25. Mancini-DiNardo D, Judkins T, Kidd J, et al. Detection of large rearrange-
ments in a hereditary pan-cancer panel using next-generation sequencing.
BMC Med Genomics. 2019;12(1):138.

26. Eggington JM, Bowles KR, Moyes K, et al. A comprehensive laboratory-based
program for classification of variants of uncertain significance in hereditary
cancer genes. Clin Genet. 2014;86(3):229–237.

27. Richards S, Aziz N, Bale S, et al.; for the ACMG Laboratory Quality Assurance
Committee. Standards and guidelines for the interpretation of sequence var-
iants: a joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet
Med. 2015;17(5):405–424.

28. Esterling L, Wijayatunge R, Brown K, et al. Impact of a cancer gene variant
reclassification program over a 20-year period. J Clin Oncol Precis Oncol. 2020;4:
944–954.

29. Dorling L, Carvalho S, Allen J, et al.; for the Breast Cancer Association
Consortium. Breast cancer risk genes - association analysis in more than
113,000 women. N Engl J Med. 2021;384(5):428–439.

30. Hu C, Hart SN, Gnanaolivu R, et al. A population-based study of genes previ-
ously implicated in breast cancer. N Engl J Med. 2021;384(5):440–451.

31. Rothman KJ, Greenland S, Lash T. Modern Epidemiology. Philadelphia, PA:
Lippincott Williams & Wilkins; 2008.

32. Hu C, Hart SN, Bamlet WR, et al. Prevalence of pathogenic mutations in can-
cer predisposition genes among pancreatic cancer patients. Cancer Epidemiol
Biomarkers Prev. 2016;25(1):207–211.

33. Cremin C, Lee MK, Hong Q, et al. Burden of hereditary cancer susceptibility in
unselected patients with pancreatic ductal adenocarcinoma referred for
germline screening. Cancer Med. 2020;9(11):4004–4013.

34. Rosenthal ET, Bernhisel R, Brown K, Kidd J, Manley S. Clinical testing with a
panel of 25 genes associated with increased cancer risk results in a signifi-
cant increase in clinically significant findings across a broad range of cancer
histories. Cancer Genet. 2017;218-219:58–68.

A
R

T
IC

LE

1002 | JNCI J Natl Cancer Inst, 2022, Vol. 114, No. 7

https://www.nccn.org/about/news/ebulletin/ebulletindetail.aspx?ebulletinid=3901
https://seer.cancer.gov/explorer/

