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Abstract

IMPORTANCE—Individuals genetically predisposed to pancreatic cancer may benefit from early 

detection. Genes that predispose to pancreatic cancer and the risks of pancreatic cancer associated 

with mutations in these genes are not well defined.

OBJECTIVE—To determine whether inherited germline mutations in cancer predisposition genes 

are associated with increased risks of pancreatic cancer.

DESIGN, SETTING, AND PARTICIPANTS—Case-control analysis to identify pancreatic 

cancer predisposition genes; longitudinal analysis of patients with pancreatic cancer for prognosis. 

The study included 3030 adults diagnosed as having pancreatic cancer and enrolled in a Mayo 

Clinic registry between October 12, 2000, and March 31, 2016, with last follow-up on June 22, 

2017. Reference controls were 123 136 individuals with exome sequence data in the public 

Genome Aggregation Database and 53 105 in the Exome Aggregation Consortium database.

EXPOSURES—Individuals were classified based on carrying a deleterious mutation in cancer 

predisposition genes and having a personal or family history of cancer.

MAIN OUTCOMES AND MEASURES—Germline mutations in coding regions of 21 cancer 

predisposition genes were identified by sequencing of products from a custom multiplex 

polymerase chain reaction–based panel; associations of genes with pancreatic cancer were 
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assessed by comparing frequency of mutations in genes of pancreatic cancer patients with those of 

reference controls.

RESULTS—Comparing 3030 case patients with pancreatic cancer (43.2% female; 95.6% non-

Hispanic white; mean age at diagnosis, 65.3 [SD, 10.7] years) with reference controls, significant 

associations were observed between pancreatic cancer and mutations in CDKN2A (0.3% of cases 

and 0.02% of controls; odds ratio [OR], 12.33; 95% CI, 5.43–25.61); TP53 (0.2% of cases and 

0.02% of controls; OR, 6.70; 95% CI, 2.52–14.95); MLH1 (0.13% of cases and 0.02% of controls; 

OR, 6.66; 95% CI, 1.94–17.53); BRCA2 (1.9% of cases and 0.3% of controls; OR, 6.20; 95% CI, 

4.62–8.17); ATM (2.3% of cases and 0.37% of controls; OR, 5.71; 95% CI, 4.38–7.33); and 

BRCA1 (0.6% of cases and 0.2% of controls; OR, 2.58; 95% CI, 1.54–4.05).

CONCLUSIONS AND RELEVANCE—In this case-control study, mutations in 6 genes 

associated with pancreatic cancer were found in 5.5% of all0 pancreatic cancer patients, including 

7.9% of patients with a family history of pancreatic cancer and 5.2% of patients without a family 

history of pancreatic cancer. Further research is needed for replication in other populations.

Cancer predisposition gene testing is useful for identifying individuals who may benefit 

from screening, prevention, and early detection of breast, ovarian, and colorectal cancer1,2 

and may be beneficial for individuals at risk of pancreatic cancer.3,4 Family members of 

those with germline predisposition gene mutations may also benefit from enhanced cancer 

screening and prevention strategies. For instance, screening of CDKN2A (RefSeq 

NM_000077.4) mutation carriers has been associated with early detection of resect-able 

pancreatic tumors.3

Epidemiologic studies have shown that 10% to 20% of pancreatic cancers are associated 

with an inherited component.5 Deleterious mutations in BRCA2 (RefSeq NM_000059.3), 

PALB2 (RefSeq NM_024675.3), and CDKN2A cancer predisposition genes have been 

detected in families of patients with pancreatic cancer.6–8 Germline mutations in BRCA1 
(RefSeq NM_007294.3) have also been associated with an increased risk of pancreatic 

cancer in families (relative risk, 2.26; 95% CI, 1.26–4.06),9 similar to mutations in mismatch 

repair genes in families of patients with Lynch syndrome (hazard ratio of cumulative 

increased risk, 8.6; 95% CI, 4.7–15.7).10 Germline mutations have also been observed in 7% 

of patients unselected for family history of pancreatic cancer11 and in 3.9% of 854 patients 

with pancreatic adenocarcinoma.12

This study used a custom cancer predisposition gene panel developed for hereditary cancer 

genetic testing to assess the prevalence of deleterious germline mutations among patients 

with pancreatic cancer in 21 predisposition genes implicated in susceptibility to solid tumors 

(eTable 1 in the Supplement).1,13,14 DNA for panel testing was obtained from a series of 

3030 patients with pancreatic cancer from a Mayo Clinic pancreas cancer registry, and DNA 

sequence data for the same predisposition genes were obtained from publicly available 

Genome Aggregation Database (gnomAD) and Exome Aggregation Consortium (ExAC) 

reference control groups.15,16 Associations between mutations in each gene and pancreatic 

cancer were evaluated to establish a defined subset of genes that confer susceptibility to 

pancreatic cancer.
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Methods

Study Sample

The participants in this study were recruited into the Mayo Clinic Biospecimen Resource for 

Pancreas Research, a prospective patient registry focused on pancreatic cancer.17 Patients 

were identified and invited to participate at the time of diagnosis. Detailed information about 

the process of recruitment, biospecimen collection, and maintenance of the registry is 

provided in eAppendix 1 in the Supplement. All participants diagnosed as having pancreatic 

ductal adenocarcinoma, who were recruited from October 12, 2000, through March 31, 

2016, with available genomic DNA extracted from peripheral blood lymphocyte samples 

were included in the study. Patients completed questionnaires on demographic and clinical 

characteristics and family history of cancer. Race was self identified as American Indian/

Alaskan Native, Asian/Asian American, black/ African American, Native Hawaiian/other 

Pacific Islander, white, and multiracial. Ethnicity was self identified as Hispanic/ Latino or 

non-Hispanic/non-Latino. The study was approved by the Mayo Clinic Institutional Review 

Board. All patients provided written informed consent for research genetic testing. Results 

have not been systematically disclosed to participants.

Reference control data were obtained from the public gnomAD (http://

gnomad.broadinstitute.org/),15 which contains exome sequencing data from 123 136 

unrelated individuals sequenced as part of various disease-specific and population genetic 

studies (eAppendix 2 in the Supplement). The gnomAD data set was generated using 

multiple exome capture methods and sequencing chemistries and was subset to racial and 

ethnic groups including African/African American, Hispanic, Asian, and non-Finnish 

European for this study. A second reference control data set of 53 105 germline exomes 

from ExAC (http://exac.broadinstitute.org),15,16 excluding samples from cancer cases from 

The Cancer Genome Atlas (TCGA) project (ExAC non-TCGA) was used to assess 

consistency in results (eAppendix 2). The ExAC non-TCGA data set was generated using 

multiple exome sequencing methods and was also subset to racial and ethnic groups 

including African/African American, Hispanic, Asian, and non-Finnish European for this 

study. All reference control groups may have included a small number of pancreatic cancer 

cases because individuals with cancer were not excluded.

DNA Sequencing

Genomic DNA samples were subjected to multiplex polymerase chain reaction using a 

QIAseq (Qiagen Inc)18 custom panel of target regions covering all coding regions and 

consensus splice sites from 21 cancer predisposition genes: ATM (RefSeq NM_000051.3), 

BARD1 (RefSeq NM_000465.3), BRCA1, BRCA2, BRIP1 (RefSeq NM_032043. 2), 

CDH1 (RefSeq NM_004360.4), CDKN2A, CHEK2 (RefSeq NM_007194.3), FANCC 

(RefSeq NM_000136.2), MLH1 (RefSeq NM_000249.3), MRE11A (RefSeq 

NM_005591.3), MSH2 (RefSeq NM_000251.2), MSH6 (RefSeq NM_000179.2), NBN 

(RefSeq NM_002485.4), NF1 (RefSeq NM_001042492.2), PALB2, PMS2 (RefSeq 

NM_000535.6), PTEN (RefSeq NM_000314.6), RAD51C (RefSeq NM_058216.2), 

RAD51D (RefSeq NM_001142571), and TP53 (RefSeq NM_000546.5) (eAppendix 3 in the 

Supplement). Libraries derived from each DNA sample were individually bar coded by dual 
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indexing. Sequencing was performed on a HiSeq 4000 with 150-bp paired-end reads of 768 

pooled libraries perlane. Median sequence read depth was 200×. These genes were selected 

based on inclusion in commercial hereditary cancer genetic testing panels as known or 

candidate predisposition genes for several solid tumors including breast, ovarian, 

endometrial, colorectal or pancreatic cancers.1,13,14,19 Result from 19 genes are presented 

because no mutations were identified in RAD51D or PTEN.

Bioinformatics Analysis

FASTQ files of DNA sequences were generated for each sample based on unique dual 

indexes. Reads were trimmed with Cutadapt version 1.1020 and aligned with BWA-MEM 

version 0.7.10.21 Sequence realignment, recalibration, haplotype calling, and depth of 

coverage were conducted using Genome Analy-sis Toolkit version 3.4–46 (University of 

Birmingham). A minimum quality threshold22 of Q20 was applied to identify cases eligible 

for analyses. Annotation of variants from cases with pancreatic cancer and from gnomAD 

and ExAC non-TCGA reference controls16,23 (eAppendix 4 in the Supplement) was 

provided through the Biological Reference Repository tool kit,24 leveraging dbNSFP version 

3.0,25 ClinVar,26 and CAVA.27 Variants were viewed and filtered with VCF-Miner.28 All 

loss-of-function variants (nonsense, frameshift, consensus splice sites [±1 or 2]) and any 

intronic or missense variants defined as pathogenic or likely pathogenic in ClinVar in 

patients with pancreatic cancer were validated by Sanger sequencing (eAppendix 3 in the 

Supplement). Variants in pancreatic cancer cases and in both gnomAD and ExAC non-

TCGA reference controls were filteredusing established approaches (eAppendix 5 in the 

Supplement).1

Study End Points

The primary outcome was case-control status, where case status was assigned to all 

individuals with pancreatic cancer in the Mayo Clinic registry. All individuals in the 

gnomAD and ExAC data sets were controls. A secondary outcome was overall survival after 

diagnosis of pancreatic cancer. Vital status was ascertained by using personal/family 

correspondence, a study follow-up questionnaire, medical records, or an external service 

(LexisNexis Accurint). Duration of overall survival was calculated from the date of 

diagnosis at a Mayo Clinic location until date of death, date last known alive, or date of 

censorship of June 22, 2017.

Case-Control Statistical Analysis

Analyses were based on patients (Table 1 and eTable 2 in the Supplement) with good-quality 

sequence data. Frequencies of mutations in individual genes were calculated overall and by 

patient characteristics (personal history of other cancer; family history of breast, colorectal, 

ovarian, gynecologic, and pancreatic cancer). Associations between mutations in each gene 

and pancreatic cancer were assessed by logistic regression, comparing combined mutation 

frequencies by gene in patients with pancreatic cancer with frequencies in gnomAD 

reference controls after weighting for the relative frequency of racial and ethnic populations. 

Association analysis included patients with pancreatic cancer after exclusion of patients with 

missing race information or other race (multiracial, American Indian/Alaskan Native,and 

Native Hawaiian/other Pacific Islander) (Table 1). Confidence intervals were estimated by 
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the profile likelihood method. Sensitivity analyses using ExAC non-TCGA reference 

controls, selected for race/ethnicity, as with gnomAD controls, were undertaken to assess 

consistency in results (eAppendix 6 in the Supplement). Sensitivity analyses were conducted 

to account for the influence of personal and family history of pancreatic, breast, ovarian, 

colorectal, and gynecologic cancer on the associations between each gene and pancreatic 

cancer and to evaluate associations between genes and pancreatic cancer using non-Hispanic 

white cases and gnomAD non-Finnish European and ExAC non-Finnish European non-

TCGA reference controls. For comparisons within individual populations, odds ratios (ORs) 

and corresponding 95% confidence intervals were estimated by inverting Fisher exact test.29 

Significance of associations was adjusted for multiple testing by Bonferroni correction. 

Associations between mutation status in each predisposition gene and age at diagnosis were 

tested using the Kolmogorov-Smirnov test,30 and associations with patient characteristics 

were evaluated using logistic regression adjusted for age at diagnosis (eAppendix 6). All 

analyses were performed with R software version 3.4.2 (R Project for Statistical 

Computing). All statistical tests were 2-sided, and an adjusted P<.05 was considered 

statistically significant.

Survival Analysis

The patient population for survival analysis was restricted to the subset of 2698 

adenocarcinoma cases diagnosed at a Mayo Clinic location within 3 months (≤92 days) of 

an initial diagnosis. This date of diagnosis was defined as either (1) the date of tissue-based 

diagnosis for those with pathology-proven disease (97%) or (2) the date of first clinical 

diagnosis for patients without pathology information (3%) and was used to avoid immortal 

time bias.31 The association between mutations in pancreatic cancer predisposition genes 

and overall survival was evaluated using Cox regression models adjusted for age at 

diagnosis, sex, and disease staging (resectable, locally advanced, or metastatic). The 

significance of associations with survival was estimated by likelihood ratio test (eAppendix 

6 in the Supplement). The proportional hazards assumption was tested using the residuals 

from the Cox model.32 All analyses were performed with R software version 3.4.2.

Results

Characteristics of the Pancreatic Cancer Case Series

The participation rate in the Mayo Clinic Biospecimen Resource for Pancreas Research was 

65.6%. High-quality sequencing data were obtained for 3030 of 3046 patients with 

pancreatic cancer in this case series (eTable 2 in the Supplement). Among the 3030 

participants, 2591 (85.5%) consented to registry participation within 30 days of diagnosis. 

The sample was 95.6% non-Hispanic white and 43.2% female, with 37.2% of patients 

receiving diagnoses at age 70 years or older. The mean age at diagnosis was 65.3 (SD, 10.7) 

years, and approximately 5.5% of cases had an additional personal history of breast, ovarian, 

colorectal, or nonovarian gynecologic cancers (Table 1). While 11.3% of patients had a 

family history (among first- and second-degree relatives) of pancreatic cancer, 22.3% 

reported family histories of breast cancer, 16.9% colorectal cancer, and 5.0% ovarian cancer.

Hu et al. Page 6

JAMA. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In 19 of 21 candidate pancreatic cancer predisposition genes, 253 deleterious germline 

mutations were identified in 249 patients (8.2%; 95% CI, 7.26%−9.25%) (Table 1 and Table 

2; eTables 2 and 3 in the Supplement). While ATM had the highest prevalence of mutations 

(n = 69) (2.28%; 95% CI, 1.78%−2.87%), mutations were also frequently observed in 

BRCA2 (1.95%; 95% CI, 1.49%−2.50%), CHEK2 (1.09%; 95% CI, 0.75%−1.53%; 

excluding the low-risk p.Ile157Thr missense variant), BRCA1 (0.59%; 95% CI, 0.35%

−0.94%), PALB2 (0.40%; 95% CI, 0.20%−0.69%), and CDKN2A (0.33%; 95% CI, 0.16%

−0.61%). Among the 59 patients with BRCA2 mutations, only 3 carried the Ashkenazi 

Jewish c.5946delT (6174delT) founder mutation. Smaller numbers of mutations were 

observed in candidate pancreatic cancer predisposition genes, including FANCC (0.26%; 

95% CI, 0.11%−0.52%) and TP53 (0.20%; 95% CI,0.07%−0.43%). Germline mutations in 

the MLH1, MSH2, PMS2, and MSH6 mismatch repair genes were detected in aggregate in 

0.50% (95% CI, 0.28%−0.82%) of study participants (Table 2).

Patients with pancreatic cancer and mutations were more likely to have personal and family 

histories of other cancers (Table 1 and eTable 4 in the Supplement). In terms of personal 

history of cancer, 65 of 513 patients (12.3%; 95% CI, 9.9%−15.9%) with at least 1 other 

cancer in addition to pancreatic cancer had mutations in the panel genes. Additionally, 

mutations were detected in 43 of the 343 patients (12.9%; 95% CI, 9.2%−16.5%) with at 

least 1 first- or second-degree relative with pancreatic cancer. Mutations were also identified 

in 75 of 675 patients (11.3%; 95% CI, 8.8%−13.7%) with a family history of breast cancer, 

21 of 152 patients (13.8%; 95% CI, 8.8%−20.3%) with a family history of ovarian cancer, 

and 45 of 513 patients (8.9%; 95% CI, 6.5%−11.6%) with a family history of colorectal 

cancer (Table 1). Overall, 25.7% (95% CI, 20.4%−31.5%) of all mutations (65/253) were 

associated with multiple primary cancers, 17.8% (95% CI, 13.3%−23.1%) were associated 

with a family history of pancreatic cancer, and 30.0% (95% CI, 23.5%-36.1%) were 

associated with a family history of breast cancer (eTable 4). In addition, 124 of 253 

mutations (49%; 95% CI, 42.7%−55.3%) were identified in patients with a family history of 

at least 1 common epithelial cancer (pancreatic, breast, ovarian, gynecologic, or colorectal) 

(eTable 4).

Associations Between Germline Mutations and Pancreatic Cancer

Six genes were significantly associated with pancreatic cancer compared with gnomAD 

controls. These included CDKN2A, with mutations in 0.30% of cases and 0.02% of controls 

(OR, 12.33; 95% CI, 5.43–25.61); TP53, with mutations in 0.20% of cases and 0.02% of 

controls (OR, 6.70; 95% CI, 2.52–14.95); MLH1, with mutations in 0.13% of cases and 

0.02% of controls (OR, 6.66; 95% CI, 1.94–17.53); BRCA2, with mutations in 1.90% of 

cases and 0.30% of controls (OR, 6.20; 95% CI, 4.62–8.17); ATM, with mutations in 2.30% 

of cases and 0.37% of controls (OR, 5.71; 95% CI, 4.38–7.33); and BRCA1, with mutations 

in 0.60% of cases and 0.20% of controls (OR, 2.58; 95% CI, 1.54–4.05) (Table 3). Similar 

results were obtained using the ExAC non-TCGA reference controls for CDKN2A, ATM, 

MLH1,BRCA2, and BRCA1 (eTables 5 and 6 in the Supplement), while TP53 exhibited a 

statistically significant but attenuated association (OR, 3.03; 95% CI, 1.14–6.74).
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NBN and BRIP1 were not significantly associated with pancreatic cancer, but the numbers 

of mutations in these genes were too low to allow for definitive evaluation of associations 

with pancreatic cancer. In contrast, CHEK2 was associated with little or no risk of 

pancreatic cancer (Table 3 and eTable 6 in the Supplement). Similar frequencies of 

mutations in each gene by phenotypic category and similar associations between 5 of the 

predisposition genes (other than MLH1) and pancreatic cancer were observed for non-

Hispanic white cases (n = 2896), which account for the majority of the study population 

(eTables 7, 8, and 9 in the Supplement). Sensitivity analyses yielded similar OR estimates 

for pancreatic cancer for the 6 predisposition genes other than MLH1 when restricting to 

patients with pancreatic cancer as the first cancer diagnosis (eTable 10 in the Supplement). 

Similarly, no substantial changes in associations between predisposition gene mutations and 

pancreatic cancer were observed when restricting analyses to patients with a family history 

of common epithelial cancers (pancreatic, breast, ovarian, colorectal, and endometrial) 

(eTable 11 in the Supplement) or to patients without a family history of these cancers 

(eTables 12, 13, 14, 15, 16, and 17 in the Supplement), except for reduced risk for MLH1 
following exclusion of patients with a family history of colorectal cancer (eTables 12 and 

16). Similarly, exclusion of patients and reference controls with Ashkenazi Jewish founder 

mutations in BRCA1, BRCA2, and CHEK2 had little influence on results. Thus, 6 genes 

significantly associated with pancreatic cancer were designated as pancreatic cancer 

predisposition genes.

Characteristics of Patients With Mutations in Pancreatic Cancer Predisposition Genes

Overall, 167 of 3030 patients (5.5%; 95% CI, 4.7%−6.4%) with pancreatic cancer had 

deleterious mutations in 1 of the 6 predisposition genes: CDKN2A, TP53, MLH1, BRCA2, 

ATM, and BRCA1 (Table 4 and eTable 18 in the Supplement). Among all tested patients, 27 

of 343 patients (7.9%; 95% CI, 5.3%−11.2%) with a family history of pancreatic cancer and 

140 of 2687 patients (5.2%; 95% CI, 4.4%−6.1%) with no family history of pancreatic 

cancer had a mutation in 1 of the 6 predisposition genes (P = .06) (Table 4; eTable 18). Thus, 

family history of pancreatic cancer did not inform on the presence of 83.8% of mutations. In 

addition, 40 of 495 patients (8.1%; 95% CI, 5.8%-10.8%) with another primary cancer 

diagnosis prior to pancreatic cancer had mutations in these genes (Table 4). Al-though prior 

primary cancer was significantly associated with mutation status (OR, 1.67; 95% CI, 1.17–

2.48; P = .009), 76% of patients with mutations (127/167) did not exhibit this phenotype. 

Overall, significant associations were observed between mutations in the 6 predisposition 

genes combined and advanced stage of disease (resectable: 48/850; locally advanced: 

50/1115; and metastatic: 67/1056; P = .04), personal history of other cancers (OR, 1.67; 

95% CI, 1.17–2.48; P = .009), family history of breast cancer (OR, 1.58; 95% CI, 1.11–2.23; 

P = .01), or family history of common epithelial cancers (OR, 1.40; 95% CI, 1.01–1.92; P = .

04) (Table 4). Patients with mutations in these 6 genes also had a significantly earlier mean 

age of diagnosis (62.5 vs 65.5 years; P < .001) (Table 4). In particular, mutations in BRCA2 
alone were significantly associated with an earlier age at diagnosis of pancreatic cancer 

(mean age, 60.5 years vs 63.3 years for noncarriers; P = .01) (eTable 19 in the Supplement).

When comparing characteristics of mutation carriers and noncarriers by individual gene, 

only patients with deleterious mutations in CDKN2A were more likely to have a family 
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history of pancreatic cancer (OR, 7.91; 95% CI, 2.19–28.57; adjusted P = .005). Similarly, 

patients with mutations in BRCA2 (OR, 2.07; 95% CI, 1.19–3.50; adjusted P = .04) were 

more likely to have a family history of breast cancer (eTable 18 in the Supplement).

Associations Between Germline Mutations and Survival

The median overall survival for patients with mutations in the 6 genes associated with 

pancreatic cancer was 13.6 months (95% CI, 11.5–15.7 months), whereas overall survival 

for patients without mutations was 11.4 months (95% CI, 10.8–12.1 months). The 

association between mutation status in these genes and survival was not statistically 

significant (hazard ratio, 0.86; 95% CI, 0.72–1.02; P = .09) (eFigure in the Supplement). 

There was no evidence of deviation from proportional hazards for the mutation carrier status 

(χ2 = 0.03; P = .87).

Discussion

In this case-control study, mutations in 6 genes (ATM, BRCA1, BRCA2, CDKN2A, MLH1, 

and TP53) were found to be associated with pancreatic cancer and were found in 5.5% of 

patients with pancreatic cancer. Mutations in CDKN2A yielded the highest risks of 

pancreatic cancer, although the frequency of mutations was low (0.33%). Mutations in ATM, 

a gene that encodes a multifunctional protein involved in regulating the cellular response to 

DNA damage,33 were significantly associated with pancreatic cancer. Homozygous ATM 
mutations cause ataxia-telangiectasia,34 and heterozygous ATM mutations have been 

associated with moderate risks of breast cancer1 but not pancreatic cancer.35 In the current 

study, no substantial change in ATM associations were observed when excluding individuals 

with a personal or family history of breast cancer, suggesting that the association with 

pancreatic cancer was independent of breast cancer effects. Whether missense mutations, 

such as in ATM c.7271T>G (p.Val2424Gly), which has been associated with substantially 

increased risk of breast cancer (OR, 8.0; 95% CI, 2.3–27.4),36 have alternative effects on 

pancreatic cancer risk remains to be determined. Mutations in TP53 were also significantly 

associated with pancreatic cancer, but it was not known if the patients carrying these 

mutations exhibited Li-Fraumeni syndrome phenotypes or had a family history of Li-

Fraumeni syndrome.

These results were consistent with a recent study of 854 patients with pancreatic 

adenocarcinoma that identified mutations in these 6 genes and PALB2 in 3.5% of patients.12 

Although mutations in PALB2 are thought to increase risk of pancreatic cancer,7,8 the 

current study did not find a significant association after Bonferroni correction. CHEK2 
mutations were also not significantly associated with pancreatic cancer, even though 

mutations were frequently observed. It may be that mutations in CHEK2 and other cancer 

predisposition genes can provide information about risk of other cancers in patients and their 

relatives.

Given the high frequency of predisposing mutations in this series of patients (>5%) and the 

absence of effective predictors of mutations, genetic testing of all patients with pancreatic 

cancer by panel tests may be warranted. In addition, genetic testing and identification of 

germline mutations may have implications for the relatives of patients with pancreatic cancer 
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because of risks of pancreatic and other cancers. Overall, genetic testing guidelines for 

patients with pancreatic cancer and for their unaffected relatives must be developed. 

Currently the National Comprehensive Cancer Network does not provide guidelines for 

selection of patients with pancreatic cancer for multigene panel testing,37 instead focusing 

on patients with pancreatic cancer in the context of hereditary breast and ovarian cancer. The 

best predictors of mutations in patients with pancreatic cancer in the current study were a 

personal history of another primary cancer, a personal history of breast cancer, and a family 

history of 1 or more first- or second-degree relatives with epithelial cancers (pancreatic, 

breast, ovarian, endometrial, or colorectal). However, the specificity for mutations was too 

low for effective selection of patients for clinical genetic testing.

Although patients with BRCA1 and BRCA2 predisposing mutations may derive therapeutic 

benefit from testing because tumors may display sensitivity to platinum agents or poly 

adenosine diphosphate–ribose polymerase (PARP) inhibitors,38,39 it remains to be 

determined whether patients with germline or somatic mutations in other predisposition 

genes will benefit from these and other targeted therapies. Benefits of panel testing may also 

extend to cancer screening and prevention. The International Cancer of the Pancreas 

Screening (CAPS) Consortium4 and the American College of Gastroenterology (ACG) 

guidelines,40 based on expert opinion, currently recommend imaging surveillance for 

individuals with greater than 5% lifetime risk of creatic cancer due to mutations in STK11 
(RefSeq NM_000455.4), CDKN2A, and hereditary pancreatitis genes; individuals with 

mutations in BRCA1, BRCA2, ATM, PALB2, or mismatch repair genes and a first- or 

second-degree relative with pancreatic cancer; and individuals with a first-degree relative 

with pancreatic cancer. Thus, the surveillance guidelines already include all of the 

predisposition genes identified in this study. In addition, the value of surveillance based on 

germline mutations, but not family history alone, has been empirically demonstrated,3,4,41,42 

supporting the potential importance of mutation testing. The genes included in the CAPS 

and ACG guidelines are consistent with results from the current study except that the 

moderate risks associated with BRCA1 mutations may not be sufficient to warrant this level 

of intervention. Given the high case-fatality rate for pancreatic cancer, testing for inherited 

cancer susceptibility may identify candidates for participation in innovative approaches to 

screening and prevention.

Limitations

This study has several limitations. First, public reference controls were used to estimate the 

prevalence of each of the 21 cancer predisposition genes in race/ethnicity–matched general 

populations. However, extensive data cleaning and filtering were used in an effort to 

normalize the pancreatic cancer cases and the control data. These large reference control 

data sets were needed because study-matched control data sets are generally not of sufficient 

size for association studies because of the rarity of individual deleterious mutations in the 

general population. In this study, both the ExAC non-TCGA and gnomAD reference data 

sets resulted in very similar findings. Despite partial overlap in these data sets, this 

consistency strongly suggests that the pancreatic cancer predisposition genes identified in 

this study are drivers of pancreatic cancer risk in the general population. Second, the custom 

panel of 21 genes used in this study did not account for all possible cancer predisposition 

Hu et al. Page 10

JAMA. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



genes, and the possibility remains that other untested genes may contribute to risk of 

pancreatic cancer. Third, there are a number of variants of uncertain significance in genes 

with insufficient data for classification as deleterious or neutral. Fourth, because cases were 

identified from Mayo Clinic populations in Minnesota, Arizona, and Florida and were 

younger and less likely to be black or Hispanic than pancreatic cancer patients included in 

the Surveillance, Epidemiology, and End Results registry, study results may lack 

generalizability. Further analyses in more racially and ethnically diverse populations are 

necessary to identify other potential pancreatic cancer susceptibility genes. Fifth, the study 

did not have sufficient information to estimate lifetime probability of cancer (penetrance) in 

carriers of the predisposition gene mutations.

Conclusions

In this case-control study, mutations in 6 genes associated with pancreatic cancer were found 

in 5.5% of all pancreatic cancer patients, including 7.9% of patients with a family history of 

pancreatic cancer and 5.2% of patients without a family history of pancreatic cancer. Further 

research is needed for replication in other populations.
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Acknowledgments

Funding/Support: The study was funded by National Institutes of Health grants R01CA192393 and R01CA97075, 
the Mayo Clinic Specialized Program of Research Excellence in Pancreatic Cancer (grant P50CA102701), the 
Mayo Clinic Department of Laboratory Medicine and Pathology Research Funds, the Mayo Clinic Center for 
Individualized Medicine, the Rolfe Pancreatic Cancer Foundation, and the Vernon F. and Mae E. Thompson 
Charitable Fund.

Role of the Funder/Sponsor: The funding agencies had no role in the design and conduct of the study; collection, 
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; or decision 
to submit the manuscript for publication.

REFERENCES

1. Couch FJ , Shimelis H , Hu C , et al. Associations between cancer predisposition testing panel genes 
and breast cancer. JAMA Oncol 2017;3(9):1190–1196. doi:10.1001/jamaoncol.2017.042428418444

2. Kuchenbaecker KB , McGuffog L , Barrowdale D , et al. Evaluation of polygenic risk scores for 
breast and ovarian cancer risk prediction in BRCA1 and BRCA2 mutation carriers. J Natl Cancer 
Inst 2017; 109(7). doi:10.1093/jnci/djw302

3. Vasen H , Ibrahim I , Ponce CG , et al. Benefit of surveillance for pancreatic cancer 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. doi:10.1200/JCO.2015.64.073027114589

4. Canto MI , Harinck F , Hruban RH , et al.; International Cancer of Pancreas Screening Consortium. 
International Cancer of the Pancreas Screening (CAPS) Consortium summit on the management of 
patients with increased risk for familial pancreatic cancer. Gut 2013;62(3):339–347. doi:10.1136/
gutjnl-2012-30310823135763

5. Petersen GM . Familial pancreatic cancer. Semin Oncol 2016;43(5):548–553. doi:10.1053/
j.seminoncol.2016.09.00227899186

Hu et al. Page 11

JAMA. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Couch FJ , Johnson MR , Rabe KG , et al. The prevalence of BRCA2 mutations in familial 
pancreatic cancer. Cancer Epidemiol Biomarkers Prev 2007;16(2):342–346. doi:
10.1158/1055-9965.EPI-06-078317301269

7. Zhen DB , Rabe KG , Gallinger S , et al. BRCA1, BRCA2, PALB2, and CDKN2A mutations in 
familial pancreatic cancer: a PACGENE study. Genet Med 2015;17(7):569–577. doi:10.1038/gim.
2014.15325356972

8. Chaffee KG , Oberg AL , McWilliams RR , et al. Prevalence of germ-line mutations in cancer genes 
among pancreatic cancer patients with a positive family history. Genet Med 2018;20(1):119–127. 
doi:10.1038/gim.2017.8528726808

9. Thompson D , Easton DF; Breast Cancer Linkage Consortium. Cancer incidence in BRCA1 
mutation carriers. J Natl Cancer Inst 2002;94(18):1358–1365. doi:10.1093/jnci/
94.18.135812237281

10. Kastrinos F , Mukherjee B , Tayob N , et al. Risk of pancreatic cancer in families with Lynch 
syndrome. JAMA 2009;302(16):1790–1795. doi:10.1001/jama.2009.152919861671

11. Hu C , Hart SN , Bamlet WR , et al. Prevalence of pathogenic mutations in cancer predisposition 
genes among pancreatic cancer patients. Cancer Epidemiol Biomarkers Prev 2016;25(1):207–211. 
doi:10.1158/1055-9965.EPI-15-045526483394

12. 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. doi:10.1200/JCO.
2017.72.350228767289

13. Buys SS , Sandbach JF , Gammon A , et al. A study of over 35,000 women with breast cancer 
tested with a 25-gene panel of hereditary cancer genes. Cancer 2017;123(10):1721–1730. doi:
10.1002/cncr.3049828085182

14. Susswein LR , Marshall ML , Nusbaum R , et al. Pathogenic and likely pathogenic variant 
prevalence among the first 10,000 patients referred for next-generation cancer panel testing. Genet 
Med 2016;18(8):823–832. doi:10.1038/gim.2015.16626681312

15. Lek M , Karczewski KJ , Minikel EV , et al.; Exome Aggregation Consortium. Analysis of protein-
coding genetic variation in 60,706 humans. Nature 2016;536(7616):285–291. doi:10.1038/
nature1905727535533

16. Karczewski KJ , Weisburd B , Thomas B , et al.; Exome Aggregation Consortium. The ExAC 
browser: displaying reference data information from over 60 000 exomes. Nucleic Acids Res 
2017; 45(D1):D840–D845. doi:10.1093/nar/gkw97127899611

17. Antwi SO , Oberg AL , Shivappa N , et al. Pancreatic cancer: associations of inflammatory 
potential of diet, cigarette smoking and long-standing diabetes. Carcinogenesis. 2016;37(5): 481–
490. doi:10.1093/carcin/bgw02226905587

18. Lange V , Böhme I , Hofmann J , et al. Cost-efficient high-throughput HLA typing by MiSeq 
amplicon sequencing. BMC Genomics 2014; 15:63. doi:10.1186/1471-2164-15-6324460756

19. Kurian AW , Li Y , Hamilton AS , et al. Gaps in incorporating germline genetic testing into 
treatment decision-making for early-stage breast cancer. J Clin Oncol 2017;35(20):2232–2239. 
doi:10.1200/JCO.2016.71.648028402748

20. Cutadept. http://journal.embnet.org/index.php/embnetjournal/article/view/200. Accessed May 31, 
2018.

21. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. https://
arxiv.org/abs/1303.3997. Accessed May 31, 2018.

22. Genotype quality. https://github.com/samtools/hts-specs/. Accessed May 31, 2018.

23. GnomAD. http://gnomad.broadinstitute.org/. Accessed March 10, 2018.

24. Kocher JP , Quest DJ , Duffy P , et al. The Biological Reference Repository (BioR): a rapid and 
flexible system for genomics annotation. Bioinformatics 2014;30(13):1920–1922. doi:10.1093/
bioinformatics/btu13724618464

25. Liu X , Wu C , Li C , Boerwinkle E . dbNSFP v3.0: a one-stop database of functional predictions 
and annotations for human nonsynonymous and splice-site SNVs. Hum Mutat 2016;37(3):235–
241. doi:10.1002/humu.2293226555599

Hu et al. Page 12

JAMA. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://journal.embnet.org/index.php/embnetjournal/article/view/200.
https://arxiv.org/abs/1303.3997.
https://arxiv.org/abs/1303.3997.
https://github.com/samtools/hts-specs/.
http://gnomad.broadinstitute.org/.


26. Landrum MJ , Lee JM , Benson M , et al. ClinVar: public archive of interpretations of clinically 
relevant variants. Nucleic Acids Res 2016;44(D1): D862–D868. doi:10.1093/nar/
gkv122226582918

27. Münz M , Ruark E , Renwick A , et al. CSN and CAVA: variant annotation tools for rapid, robust 
next-generation sequencing analysis in the clinical setting. Genome Med 2015;7:76. doi:10.1186/
s13073-015-0195-626315209

28. Hart SN , Duffy P , Quest DJ , Hossain A , Meiners MA , Kocher JP . VCF-Miner: GUI-based 
application for mining variants and annotations stored in VCF files. Brief Bioinform 2016;17(2):
346–351. doi:10.1093/bib/bbv05126210358

29. Fay MP . Confidence intervals that match Fisher’s exact or Blaker’s exact tests. Biostatistics 
2010;11(2):373–374. doi:10.1093/biostatistics/kxp05019948745

30. Lehmann EL . Nonparametrics: Statistical Methods Based on Ranks. Upper Saddle River, NJ: 
Prentice-Hall Inc; 1998:35.

31. Chaiteerakij R , Petersen GM , Bamlet WR , et al. Metformin use and survival of patients with 
pancreatic cancer: a cautionary lesson. J Clin Oncol 2016;34(16):1898–1904. doi:10.1200/JCO.
2015.63.351127069086

32. Grambsch PM , Therneau TM . Proportional hazards tests and diagnostics based on weighted 
residuals. Biometrika 1994;81(3):515–526. doi:10.1093/biomet/81.3.515

33. Renwick A , Thompson D , Seal S , et al.; Breast Cancer Susceptibility Collaboration. ATM 
mutations that cause ataxia-telangiectasia are breast cancer susceptibility alleles. Nat Genet 
2006;38(8):873– 875. doi:10.1038/ng183716832357

34. Ahmed M , Rahman N . ATM and breast cancer susceptibility. Oncogene 2006;25(43):5906–5911. 
doi:10.1038/sj.onc.120987316998505

35. Thompson D , Duedal S , Kirner J , et al. Cancer risks and mortality in heterozygous ATM 
mutation carriers. J Natl Cancer Inst 2005;97(11):813–822. doi:10.1093/jnci/dji14115928302

36. Goldgar DE , Healey S , Dowty JG , et al.; Breast Cancer Family Registry; Kathleen Cuningham 
Foundation Consortium for Research on Familial Breast Cancer. Rare variants in the ATM gene 
and risk of breast cancer. Breast Cancer Res 2011;13(4): R73. doi:10.1186/bcr291921787400

37. NCCN Clinical Practice Guidelines in Oncology: Pancreatic Adenocarcinoma, Version 3 2017 
https://www.nccn.org/professionals/physician_gls/PDF/pancreatic.pdf. Accessed March 25, 2018.

38. Kaufman B , Shapira-Frommer R , Schmutzler RK , et al. Olaparib monotherapy in patients with 
advanced cancer and a germline BRCA1/2 mutation. J Clin Oncol 2015;33(3):244–250. doi:
10.1200/JCO.2014.56.272825366685

39. de Bono J , Ramanathan RK , Mina L , et al. Phase I, dose-escalation, two-part trial of the PARP 
inhibitor talazoparib in patients with advanced germline BRCA1/2 mutations and selected sporadic 
cancers. Cancer Discov 2017;7(6):620–629. doi:10.1158/2159-8290.CD-16-125028242752

40. Syngal S , Brand RE , Church JM , Giardiello FM , Hampel HL , Burt RW; American College of 
Gastroenterology. ACG clinical guideline: genetic testing and management of hereditary 
gastrointestinal cancer syndromes. Am J Gastroenterol 2015;110(2):223–262. doi:10.1038/ajg.
2014.43525645574

41. Knudsen ES , O’Reilly EM , Brody JR , Witkiewicz AK . Genetic diversity of pancreatic ductal 
adenocarcinoma and opportunities for precision medicine. Gastroenterology 2016;150(1):48–63. 
doi:10.1053/j.gastro.2015.08.05626385075

42. Canto MI , Hruban RH , Fishman EK , et al.; American Cancer of the Pancreas Screening 
Consortium. Frequent detection of pancreatic lesions in asymptomatic high-risk individuals. 
Gastroenterology 2012;142(4):796–804. doi:10.1053/j.gastro.2012.01.00522245846

Hu et al. Page 13

JAMA. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.nccn.org/professionals/physician_gls/PDF/pancreatic.pdf.


Key Points

Question

Are there germline mutations in cancer predisposition that are associated with pancreatic 

cancer?

Findings

In a case-control study that included 3030 patients with pancreatic cancer and 123 136 

reference controls, 6 genes were independently associated with pancreatic cancer, with 

odds ratios between 2.58 and 12.33 after correction for multiple comparisons. In 

aggregate, these genes were observed in 5.5% of patients with pancreatic cancer.

Meaning

Six genes were identified that were associated with pancreatic cancer; further research is 

needed for replication in other populations.
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Table 1.

Characteristics of Case Patients

Characteristics

No. (%)a

All Case Patients
(n = 3030)

Mutation Carriers

(n = 249)
b

Sex

 Female 1308 (43.2) 101 (40.6)

 Male 1722 (56.8) 148 (59.4)

Race/ethnicity

 African American  50 (1.6)  4 (1.6)

 Hispanic  42 (1.4)  3 (1.2)

 Asian  11 (0.4)  1 (0.4)

 Non-Hispanic white 2896 (95.6) 236 (94.8)

 Other
c

 19 (0.6)  2 (0.8)

 Missing  12 (0.4)  3 (1.2)

Age at diagnosis
of pancreatic cancer, y

 <50  242 (8.0)  22 (8.8)

 50–59  639 (21.1)  75 (30.1)

 60–69 1023 (33.7)  81 (32.5)

 ≥70 1125 (37.2)  71 (28.5)

 Missing   1 (<0.1)  0

 Overall mean (SD)  65.3 (10.7)  63.1 (10.6)

 Overall range  20–92  34–90

Body mass index

 Overall mean (SD)  28.5 (5.6)  29.2 (5.6)

 Overall range  15.3–59.0  17.8–49.9

 Missing data  341 (11.3)  22 (08.83)

Diabetes

 No 2263 (74.7) 184 (73.9)

 Yes  767 (25.3)  65 (26.1)

Smoking status

 Missing  99 (3.3)  9 (3.6)

 No 1246 (41.1) 106 (42.6)

 Yes 1685 (55.6) 134 (53.8)

Family history of cancer
(first- or second-degree relative)

 Pancreatic  343 (11.3)  43 (17.3)

 Breast  675 (22.3)  75 (30.1)

 Ovarian  152 (5)  21 (8.4)
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Characteristics

No. (%)a

All Case Patients
(n = 3030)

Mutation Carriers

(n = 249)
b

 Colorectal  513 (16.9)  45 (18.1)

 Gynecologic, nonovarian  162 (5.3)  17 (6.8)

Personal history of other cancers

 Breast  82 (2.7)  11 (4.4)

 Ovarian  10 (0.3)  0

 Colorectal  65 (2.1)  12 (4.8)

 Gynecologic (nonovarian)  11 (0.4)  2 (0.8)

Disease staging

 Resectable  850 (28.1)  76 (30.5)

 Locally advanced 1115 (36.8)  72 (28.9)

 Metastatic 1056 (34.9)  99 (39.8)

 Missing  9 (3.0)  2 (0.8)

a
Data are No. (%) of case patients unless otherwise noted.

b
Panel of cancer predisposition genes evaluated for mutations: ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CDKN2A, CHEK2, FANCC, 

MLH1, MRE11A, MSH2, MSH6, NBN, NF1, PALB2, PMS2, PTEN, RAD51C, RAD51D, and TP53.

c
Including multiracial, American Indian/Alaskan Native, and Native Hawaiian/other Pacific Islander.
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Table 2.

Frequency of Mutations Among Pancreatic Cancer Cases by Category of Personal and Family History of 

Cancer

No. (%) of Case Patients
a

Family History

Genes
Overall
(n = 3030)

Personal History,
Other Cancers
(n = 513)

Pancreatic Ductal
Adenocarcinoma
(n = 343)

Breast Cancer
(n = 675)

Colorectal Cancer
(n = 513)

ATM  69 (2.28) 14 (2.73) 11 (3.29) 18 (2.72) 10 (1.98)

BARD1  4 (0.13)  0  1 (0.30)  0  0

BRCA1  18 (0.59)  6 (1.17)  2 (0.60)  4 (0.60)  2 (0.40)

BRCA2  59 (1.95)  14 (2.73)  7 (2.10)  21 (3.17)  10 (1.98)

BRIP1  5 (0.17)  0  1 (0.30)  0  0

CDH1  1 (0.03)  0  0  0  0

CDKN2A  10 (0.33)  2 (0.39)  5 (1.50)  2 (0.30)  2 (0.40)

CHEK2  33 (1.09)  9 (1.75)  8 (2.40)  11 (1.66)  5 (0.99)

FANCC  8 (0.26)  2 (0.39)  1 (0.30)  1 (0.15)  1 (0.20)

MLH1  5 (0.17)  3 (0.58)  0  1 (0.15)  3 (0.59)

MRE11A  2 (0.07)  0  0  1 (0.15)  0

MSH2  1 (0.03)  0  1 (0.30)  1 (0.15)  1 (0.20)

MSH6  7 (0.23)  3 (0.58)  1 (0.30)  3 (0.45)  4 (0.79)

NBN  4 (0.13)  1 (0.19)  1 (0.30)  1 (0.15)  1 (0.20)

NF1  4 (0.13)  3 (0.58)  0  1 (0.15)  1 (0.20)

PALB2  12 (0.40)  3 (0.58)  2 (0.60)  5 (0.76)  3 (0.59)

PMS2  2 (0.07)  2 (0.08)  0  1 (0.15)  2 (0.40)

RAD51C  3 (0.10)  0  0  0  0

TP53  6 (0.20)  3 (0.58)  2 (0.60)  4 (0.60)  0

All genes 253 (8.36)  65 (12.33)  43 (12.89)  75 (11.31)  45 (8.92)

a
Number of cases in each category with amutation in the specified gene.
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Table 3.

Comparisons of Mutation Carriers by Panel Gene Between Pancreatic Cancer Cases and gnomAD Controls

Genes

Cases gnomAD Controls Cancer Risk
a

Cases With
Mutations, No.

Individuals

Tested, No.
b Carrier

Frequency, %
Controls With
Mutations, No.

Individuals
Tested, No.

Carrier
Frequency, %

Odds Ratio
(95% CI)

Adjusted

P Value
c

Genes Significantly Associated With Pancreatic Cancer

 CDKN2A  9 2999 0.30  15  99 493 0.02 12.33 (5.43–25.61) <.001

 TP53  6 2999 0.20  25 104 162 0.02  6.70 (2.52–14.95) <.001

 MLH1  4 2999 0.13  25 103 526 0.02  6.66 (1.94–17.53)  .01

 BRCA2 57 2999 1.90 313 102 739 0.30  6.20 (4.62–8.17) <.001

 ATM 69 2999 2.30 386 104 016 0.37  5.71 (4.38–7.33) <.001

 BRCA1 18 2999 0.60 208 104 122 0.20  2.58 (1.54–4.05)  .002

Genes Not Significantly Associated With Pancreatic Cancer

 NF1  4 2999 0.13  31 103 812 0.03  3.70 (1.11–9.22)  .25

 PALB2 12 2999 0.40 153 104 169 0.15  2.33 (1.23–4.01)  .09

 CDH1  1 2999 0.03  15 102 110 0.01  2.30 (0.13–11.39) >.99

 MSH6  6 2999 0.20 101 102 802 0.10  1.98 (0.77–4.14) >.99

 FANCC  8 2999 0.27 129 104 042 0.12  1.69 (0.76–3.21) >.99

 MSH2  1 2999 0.03  16 103 327 0.02  1.58 (0.09–7.54) >.99

 BARD1  4 2999 0.13  86 102 189 0.08  1.32 (0.40–3.15) >.99

 CHEK2 33 2999 1.10 572 102 856 0.56  1.31 (0.91–1.83) >.99

 RAD51C  3 2999 0.10  94 104 128 0.09  1.11 (0.27–2.97) >.99

 NBN  4 2999 0.13 125 103 912 0.12  0.86 (0.27–2.04) >.99

 BRIP1  4 2999 0.13 194 104 071 0.19  0.78 (0.28–1.71) >.99

 MRE11A  2 2999 0.07  96 104 071 0.09  0.71 (0.12–2.23) >.99

 PMS2  2 2999 0.07  86 101 976 0.08  0.70 (0.12–2.22) >.99

Abbreviation: gnomAD, Genome Aggregation Database.

a
Logistic regression analysis weighted by race and ethnicity.

b
Analyses do not include cases with race/ethnicity reported as other(n=19)or cases with missing race/ethnicity information (n = 12),for a total 

denominator of 2999.

c
Adjusted by Bonferroni correction for 19 genes with mutations from 21 tested genes.
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Table 4.

Associations Between Characteristics of Patients With Pancreatic Cancer by Mutation Carrier Status of 6 

Pancreatic Cancer Predisposition Genes

Characteristics

No. (%) of Case Patients
a

Patients With Mutations

(n = 167)
b Patients Without

Mutations (n = 2863) P Value
c

Age at diagnosis, y

 Mean (SD)   62.5 (10.5)   65.5 (10.7) <.001

 Range   39.0–90.0   20.0–90.0

Sex

 Female   64 (38.3) 1244 (43.5)
  .22

 Male  103 (61.7) 1619 (56.5)

Race/ethnicity

 African American    3 (1.8)   47 (1.6)

  .10

 Hispanic    2 (1.2)   40 (1.4)

 Asian    1 (0.6)   10 (0.4)

 Non-Hispanic white  157 (94.0) 2739 (95.7)

 Other
d

   1 (0.6)   18 (0.6)

 Missing    3 (1.8)    9 (0.3)

Personal history of other cancers

 Yes   40 (24.0)  455 (15.9)
  .009

 No  127 (76.0) 2408 (84.1)

Disease staging

 Resectable   48 (28.7)  802 (28.0)

  .04 Locally advanced   50 (29.9) 1065 (37.2)

 Metastatic   67 (40.1)  989 (34.5)

 Missing    2 (1.2)    7 (0.2)

Family history (first- or second-degree
relative)

 Pancreatic cancer

  No  140 (83.8) 2547 (89.0)
  .06

  Yes   27 (16.2)  316 (11.0)

 Breast cancer

  No  116 (69.5) 2239 (78.2)
  .01

  Yes   51 (30.5)  624 (21.8)

 Ovarian cancer

  No  154 (92.2) 2724 (95.1)
  .13

  Yes   13 (7.8)  139 (4.9)

 Gynecologic (nonovarian)/endometrial
 cancer
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Characteristics

No. (%) of Case Patients
a

Patients With Mutations

(n = 167)
b Patients Without

Mutations (n = 2863) P Value
c

  No  157 (94.0) 2711 (94.7)
  .84

  Yes   10 (6.0)  152 (5.3)

 Colorectal cancer

  No  140 (83.8) 2377 (83.0)
  .87

  Yes   27 (16.2)  486 (17.0)

 Pancreatic, breast, ovarian, gynecologic
 (nonovarian), or colorectal

  No   86 (51.5) 1711 (59.8)
  .04

  Yes   81 (48.5) 1152 (40.2)

a
Data are No.(%) of case patients unless otherwise noted

b
Mutations in 6 genes significantly associated with pancreatic cancer: ATM, BRCA1, BRCA2, CDKN2A, MLH1, and TP53.

c
Wilcoxon test for age of diagnosis; χ2 test for all others.

d
Including multiracial,American Indian/Alaskan Native, and Native Hawaiian/other Pacific Islander.
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