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ABSTRACT 

Background and Aims: 

Genes associated with hereditary breast and ovarian cancer (HBOC) and colorectal cancer (CRC) 

susceptibility have been shown to play a role in pancreatic cancer susceptibility. Germline 

genetic testing of pancreatic cancer cases could be beneficial for at-risk relatives with pathogenic 

variants in established HBOC and CRC genes, but it is unclear what proportion of pancreatic 

cancer cases harbor pathogenic variants in these genes. 

Methods: 

66 pancreatic cancer cases, unselected for family history and diagnosed at the Huntsman Cancer 

Hospital (HCH), were sequenced on a custom 34-gene panel including known HBOC and CRC 

genes. A second set of 156 unselected HCH pancreatic cancer cases were sequenced on an 

expanded 59-gene panel (n=95) or with a custom 14-gene clinical panel (n=61). Sequencing data 

from both sets of pancreatic cancer cases, the pancreatic cancer cases of the Cancer Genome 

Atlas (TCGA), and an unselected pancreatic cancer screen from the Mayo Clinic were combined 

in a meta-analysis to estimate the proportion of carriers with pathogenic and variants of uncertain 

significance.  

Results: 

Approximately 8.9% of unselected pancreatic cancer cases at the HCH carried a variant with 

potential HBOC or CRC screening recommendations. A meta-analysis of unselected pancreatic 

cancer cases revealed that approximately 10.5% carry a pathogenic variant or HiP-VUS. 

Conclusion: 

With the inclusion of both HBOC and CRC susceptibility genes in a panel test, unselected 

pancreatic cancer cases have a high enough percentage of carriers to rationalize genetic testing 

for identification of variants that could be further used in cascade testing of healthy relatives to 

increase HBOC and CRC surveillance measures. 
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INTRODUCTION 

Over the last few years, massively parallel sequencing converged with targeted capture 

using array synthesized baits to enable panel testing of most known cancer susceptibility 

genes.[1–4] These panel tests have since replaced Sanger sequencing of limited sets of 

syndromic genes, revolutionizing the genetic testing landscape for Hereditary Breast and Ovarian 

cancer (HBOC) and Colorectal cancer (CRC) predisposition. Before panel testing, the personal 

and family history of a cancer patient had to be examined carefully to select the most likely 

syndromic genes. Due to atypical personal or family history combined with the non-discreet 

nature of cancer susceptibility,[5–10] there were probably many instances where a patient never 

received the correct test. 

Genetic testing of patients with pancreatic cancer is not yet routine, in part because 

methods for prevention or early detection of pancreatic cancer have limited utility.[11–14] One 

substantial benefit of genetic testing is the application of preventive measures for carriers of 

disease susceptibility alleles, notably the at-risk relatives of probands. Pancreatic cancer patients 

have been reported to carry pathogenic variants in a variety of cancer susceptibility genes, 

notably HBOC and CRC genes, for which surveillance, medical, and surgical strategies towards 

prevention or early detection are available. [15–24] Therefore, systematically testing pancreatic 

cancer cases for pathogenic germline variants in HBOC and CRC genes in order to identify at-

risk relatives who would benefit from preventive measures for breast cancer, ovarian cancer, and 

CRC could be a medically useful application of panel testing. Testing all pancreatic cancer cases 

for HBOC and CRC susceptibility, however, would only be beneficial if the proportion of 

carriers among pancreatic cancer cases is high enough to justify that testing.  
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To estimate the percentage of pancreatic cancer cases that carry variants with potential 

medical management impact for at-risk relatives, we applied panel testing to independent 

discovery (n=66) and replication (n=156) sets of pancreatic cancer patients ascertained at the 

Huntsman Cancer Hospital (HCH) in Salt Lake City, UT, both unselected for family cancer 

history. To demonstrate generalizability of the results in pancreatic cancer cases, we performed a 

meta-analysis including published panel tests of unselected pancreatic cancer cases. 

  

METHODS 

 

Subjects and Ethics Statement 

This study was approved by the Institutional Review Board of the University of Utah. All 

participants gave written consent, which included DNA sampling for molecular studies and 

access to medical records.  

An initial set of pancreatic cancer cases (n=66) were selected on the minimal 

requirements of personal history of cancer and having at least two grandparents in the genealogy 

data represented in the Utah Population Database (UPDB). These patients were screened with a 

34-gene custom research panel. Individual family members were then linked to statewide cancer, 

demographic, and medical information.[25] Ages at diagnosis and family cancer history were 

obtained from the UPDB after sequencing and variant evaluation. The second set of pancreatic 

cancer cases (n=169) were selected on the basis of being newly diagnosed pancreatic cancer 

cases ascertained at the HCH from July 2014 to July 2015, and from December 2015 to April 

2017. The pancreatic cancer cases ascertained during the interval July 2014-July 2015 were 
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screened with a 59-gene custom research panel, and the cases ascertained during the interval 

December 2015-April 2017 were screened with a 14-gene custom clinical panel.  

 

Next-generation sequencing library preparation and custom targeted capture 

For research panel testing, blood-derived genomic DNA (100ng) was sheared using a 

Covaris S2 instrument (Covaris, Woburn, MA, United States). Genomic libraries were prepared 

using the Ovation Ultralow Library System (NUGEN # 0329) according to the manufacturer’s 

instructions. Library enrichment for a 34 or 59-gene custom panel was done with the Roche 

SeqCap EZ Choice Library (cat# 06266339001) and the SeqCap EZ Reagent Kit Plus v2 

(NimbleGen #06-953-247-001) using the manufacturer’s protocol. Individual libraries were 

combined into pools of 6-12 prior to hybridization, and then super-pooled for up to 96 samples 

per sequencing lane. Captured libraries were sequenced on an Illumina HiSeq2000 channel using 

the HiSeq 101 Cycle Paired-End sequencing protocol. 

On the strength of preliminary data from this study, HCH began systematically offering 

clinical panel predisposition testing beginning December 2015, without regard to family history. 

From December 2015 to April 2017, clinical testing was offered to 73 sequential pancreatic 

cancer cases. 61 pancreatic cancer cases accepted clinical testing with the 14-gene custom panel 

was conducted by Invitae. The 12 individuals that declined were in poor health and/or did not see 

value in undergoing a genetic test. A complete list of genes captured is included in Supplemental 

Table 1.  

 Sequences from the Utah cohort with ≥ 100X mean coverage and 154 pancreatic cancer 

cases from the Cancer Genome Atlas (TCGA)[26] were analyzed using the USeq 

(useq.sourceforge.net) in-house pipeline, according to the Genome Analysis Toolkit (GATK 
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v.3.3-0) best practices recommendations.[27] Variants with a mapping quality score less than 20 

were excluded. ANNOVAR was used for variant functional annotation followed by conversion 

to Human Genome Variation Society (HGVS) nomenclature using Mutalyzer.[28, 29] 

 

Sequence variant evaluation 

Truncating variants not present in the final exon of a gene were considered pathogenic. 

The following filters were used to exclude variants from further analysis: minor allele frequency 

≥ 0.1% in one or more populations from the Exome Aggregation Consortium (ExAC) 

database;[30] synonymous/intronic variants with no predicted effect on splicing via 

MaxEntScan;[31] variants reported as probable-non-pathogenic/non-pathogenic by more than 

one source with no conflicting reports in ClinVar (www.ncbi.nlm.nih.gov/clinvar).  

Variants of uncertain significance (VUS) were included if their estimated prior 

probabilities of pathogenicity were >0.8 based on calibrated in silico predictions from publicly 

available databases for the mismatch repair (MMR) genes (hci-lovd.hci.utah.edu), or BRCA1/2 

(http://priors.hci.utah.edu/PRIORS/). VUS of this type were weighted according to their 

sequence analysis-based prior probability of pathogenicity (Prior_P) score. The remaining rare 

VUS were included if at least three of the four missense analysis programs Align-GVGD, 

MAPP, Polyphen-2, and CADD predicted a severe score.[32–36] This filter corresponds with an 

OR=3.27 when comparing early-onset breast cancer cases with matched controls.[35] Based on 

the likelihood ratios identified for BRCA1/2,[37] this grouping was assigned a weight of 0.81; 

from here forward, we refer to these as high probability of pathogenicity VUS (HiP-VUS). 

Canonical splice acceptor/donor variants predicted to impact splicing were given the weight of 

0.97 if the effect of the variant had not been demonstrated experimentally.[38] Pathogenic 
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variants and HiP-VUS detected by the 34-/59-gene panels were confirmed via Sanger 

sequencing. VUS reported by the Mayo Clinic[39] plus the non-TCGA ExAC (excluding the 

Finnish and undescribed populations), were graded with the same weights and severity to 

generate a bioinformatically equivalent set of HiP-VUS. An overview of the datasets and 

methods used for evaluation is shown (Figure 1). 

 

Statistical analysis 

STATA V.13.1 (StataCorp, College Station, Texas, USA) was used to conduct meta-

analyses, and calculate carrier percentages and 95% confidence intervals. The meta-analyses to 

compare the carrier frequencies between different pancreatic cancer cohorts were conducted 

using Metaprop under a random effects model, and Freeman-Tukey transformation to stabilize 

the variances over the studies.[40] The weighted proportions of variant carriers in the unselected 

pancreatic cancer cases were compared to the corresponding proportions in the non-TCGA 

ExAC population to estimate Standardized Incidence Ratios (SIR).[41] Tests of significance and 

confidence intervals were estimated based on a Poisson distribution.[42] For the meta-analysis 

and SIR calculation, the genes were split into subgroups of high- and moderate-risk cancer 

susceptibility genes. High- and moderate-risk were defined as genes with a cumulative risk at 

age 80 >32% or between 19-32%, respectively, for the cancer with which they are most closely 

associated.[2] The R package ggplot2 was used to plot the meta-analyses and SIRs.[43] 

 

RESULTS 

Pancreatic cancer, unselected for family history 
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In an initial set of 66 pancreatic cancer cases unselected for family history of cancer, 4 

pathogenic variants were identified in BRCA2, MSH6, PALB2, and STK11. After filtering VUS 

to those with elevated probabilities of pathogenicity, 2 HiP-VUS in ATM remained (Table 1). 

After weighting, 8.5% of these pancreatic cancer cases carried a variant with potential medical 

management impact for relatives.  

To replicate this observation, 156 independent pancreatic cancer cases underwent 

hereditary cancer predisposition multigene panel testing (n=96 tested with the 59-gene research 

panel of which one sample failed, and n=61 tested with the 14-gene clinical panel after 12 

declined testing). Ten pathogenic variants and seven HiP-VUS were identified (Table 1). These 

were all identified in genes included in the 34-gene panel. In addition to in silico predictions, 

CHEK2 p.(T476M) was found to be damaging in a functional assay for CHEK2 variants and was 

weighted more strongly towards being pathogenic.[44] After weighting carriers, we found 9.1% 

of the replication series of pancreatic cancer cases, unselected for family history, carried a 

variant with potential medical impact.  

 

Post-variant evaluation of genetic testing eligibility 

In order to determine if the pancreatic cancer cases would have qualified for genetic 

testing, we compared the pancreatic cancer cases that carried pathogenic variants or HiP-VUS 

with their self-reported family history to published NCCN guidelines.[45] For our initial 66 

pancreatic cancer cases, we also were able to access their family history of cancer from UPDB 

(Supplemental Figure 1). Outside of the STK11 carrier’s family (who had a clinical diagnosis of 

Peutz-Jegher syndrome), in which the mother and sister had previously been diagnosed, none of 

the biological relatives had undergone cascade genetic testing. 
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Meta-analysis of carrier proportions across studies 

 The two HCH sets of pancreatic cancer cases were combined with a published study of 

unselected pancreatic cancer cases from the Mayo Clinic (n=96),[39] plus the pancreatic cancer 

cases from TCGA (n=154), in a meta-analysis (Figure 2; Supplemental Table 3; Supplemental 

Table 4). Among unselected pancreatic cancer cases, 4.1% (p=4.9x10-13) carried a clearly 

pathogenic variant in a high-risk cancer susceptibility gene which includes pancreatic cancer in 

its tumor spectrum.[11] Weighed inclusion of HiP-VUS increased the proportion to 6.0% 

(p<1.0x10-16). For the moderate-risk homologous recombination repair (HRR) breast cancer 

genes ATM, BARD1, CHEK2, and NBN,[2, 46] 3.8% (p=8.0x10-04) of unselected pancreatic 

cancer cases carried a clearly pathogenic variant, and weighted inclusion of HiP-VUS increased 

the proportion to 5.3% (p=2.8x10-09). Including all the high-risk genes and the moderate-risk 

HRR breast cancer genes, 8.1% (p=2.0x10-14) of unselected pancreatic cancer cases carry a 

clearly pathogenic variant, and 10.7% (p<1.0x10-16) carry either a clearly pathogenic variant or 

weighted HiP-VUS with elevated probability of pathogenicity that could enable the at-risk 

relatives to qualify for preventive HBOC or CRC measures.  

Further, the gene burdens observed in the Utah, Mayo, and TCGA were compared to the 

non-TCGA ExAC (n=49,451, excluding the Finnish and other subpopulations) as a population 

sample to determine SIR for subgroups of genes (Figure 3, Supplemental Table 5). As a group, 

the high-risk susceptibility genes had a SIR = 3.1 (p=2.1x10-05). The moderate-risk HRR genes 

had a slightly lower SIR = 2.4 (p=9.2x10-05).  

 

Discussion 
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Through systematic panel testing of pancreatic cancer cases unselected for family history, 

we estimate that 2.7% (95% CI: 1.3-4.4) carry a pathogenic allele of a high-risk HBOC gene 

(BRCA1, BRCA2, or PALB2) and 1.4% (95% CI: 0.4-2.9) of probands carry a likely pathogenic 

allele of a Lynch Syndrome (LS)-associated MMR gene (MLH1, MSH2, PMS2, or MSH6). 

Adding other high-risk genes such as TP53, CDKN2A, and STK11 results in 6.0% (95% CI: 3.9-

8.6) of pancreatic cancer cases with a sequence variant that would alter medical management of 

healthy at-risk relatives: i.e. MRI in addition to mammography or early colonoscopy (Figure 

2).[16, 47–50] Additionally, 5.3% (95% CI: 2.7-8.6) carry a likely pathogenic variant of a 

moderate-risk breast cancer susceptibility gene (i.e., ATM, BARD1, CHEK2, or NBN) bringing 

the total proportion of estimated carriers to 10.7% (95% CI: 7.0-15.0). Here we note that ATM 

and CHEK2 have recently been added to NCCN’s list of genes with associated medical action 

for breast cancer.[16] Focusing on individual genes, the top four genes with potential medical 

impact for at-risk relatives, based on weighted counts, were ATM (identified in 4 cases), BRCA2 

(3 cases), CHEK2 (3 cases), and MSH6 (3cases).  

Do findings presented here justify universal screening of all pancreatic cancer patients 

using a panel test? The precedent for a universal approach comes from what has been accepted 

and learned from universal testing of all CRCs for LS. Universal LS testing, with 

immunohistochemical (IHC) or microsatellite instability (MSI)-based pre-screen of tumors 

followed by germline testing for indicated individuals, is recommended for newly diagnosed 

CRC cases.[47, 51] This strategy may soon be overtaken by germline DNA panel testing for LS 

due to 1) rapid decline of panel testing cost, 2) superiority of specificity and sensitivity, and 3) 

evidence that pre-screening delays testing, which results in a subsequent ~50% loss in follow-up 

by patients.[52–59] Indeed, a health economics analysis recently published by Erten et al.[59] 
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concluded that universal testing of CRC patients for LS based on sequencing alone will become 

more cost-effective than the two-step test when the cost of MMR gene sequencing drops to or 

below $609 USD, echoing a similar finding by Gould-Suarez et al.[59, 60] Based on our results, 

universal testing of pancreatic cancer patients using a panel test would identify pathogenic 

variants or MMR HiP-VUS in 1.4% of pancreatic cancer; this is quite comparable to currently 

accepted two-step universal testing of CRC patients, which identifies pathogenic MMR variants 

in about 1.2% of patients.[59]  

In a recent study, 11.8% of unselected patients with metastatic prostate cancer were 

found to carry pathogenic variants in DNA-repair genes.[61] Pritchard et al. suggest that this 

proportion of metastatic prostate cancer cases is high enough to utilize metastatic prostate cancer 

as a sentinel for cancer predisposition testing. The 11.8% proportion observed in metastatic 

prostate cancer is similar to the 10.7% observed in this meta-analysis of pancreatic cancer cases. 

Since the proportion of carriers are similar for pancreatic and metastatic prostate cancer, both of 

these areas will need to be re-evaluated for guideline updates. For these patients, universal panel 

testing offers critical time and convenience advantages over cascade testing strategies, resulting 

in a decreased loss to follow-up or mortality and correspondingly increased benefit to at-risk 

relatives.  

Results obtained here are also relevant to treatment of pancreatic cancer cases with 

germline pathogenic variants or HiP-VUS in several of the genes included in panel tests. In cells 

with biallelic pathogenic variants in BRCA1, BRCA2, or PALB2, DNA double strand break 

repair by homologous recombination (HRR) is badly compromised. Exposure of cells with an 

HRR deficit to poly (ADP-ribose) polymerase inhibitors (PARPi) creates a synthetic lethal 

interaction with a wider therapeutic window than many other anti-cancer treatments.[62, 63] As 
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these three genes are most notably associated with breast and ovarian cancer, clinical PARPi 

studies began with those diseases. Nonetheless, individual patient reports and phase I trial results 

provide at least anecdotal evidence for beneficial responses in pancreatic cancer patients.[64, 65]  

Part of the rationale behind immunotherapy is that mutational processes taking placing 

during tumor initiation and progression create neoantigens that the patient immune system could 

respond against. This is true in tumors with compromised HRR, but even more so in tumors with 

compromised DNA mismatch repair (MMR) which is often caused by biallelic pathogenic 

variants in MLH1, MSH2, PMS2, or MSH6.[66, 67] A tumor progressed from initiation to 

clinical relevance implies that it circumvented immune surveillance, immune checkpoint 

blockade therapies, such as inhibition of PD-1 or PD-L1, designed to derepress immune 

responses towards a tumor have proven effective in a variety of MMR-deficient solid 

tumors.[68] Therefore, immunotherapy could be a promising in the ~1.5% of pancreatic tumors 

arising in patients with LS. 

 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


14 

 

REFERENCES 

1.  Walsh T, Lee MK, Casadei S et al. Detection of inherited mutations for breast and ovarian 

cancer using genomic capture and massively parallel sequencing. Proc. Natl. Acad. Sci. U. 

S. A. 2010; 107(28):12629–33. 

2.  Easton DF, Pharoah PDP, Antonious AC et al. Gene-Panel Sequencing and the Prediction 

of Breast-Cancer Risk. N. Engl. J. Med. 2015; 372(23):2243–57. 

3.  Hall MJ, Forman AD, Pilarski R et al. Gene panel testing for inherited cancer risk. J. Natl. 

Compr. Canc. Netw. 2014; 12(9):1339–46. 

4.  Salo-Mullen EE, O’Reilly EM, Kelsen DP et al. Identification of germline genetic 

mutations in patients with pancreatic cancer. Cancer 2015; 121(24):4382–8. 

5.  Kurian AW, Hare EE, Mills MA et al. Clinical evaluation of a multiple-gene sequencing 

panel for hereditary cancer risk assessment. J. Clin. Oncol. 2014; 32(19):2001–2009. 

6.  Saam J, Arnell C, Theisen A et al. Patients Tested at a Laboratory for Hereditary Cancer 

Syndromes Show an Overlap for Multiple Syndromes in Their Personal and Familial 

Cancer Histories. Oncology 2015; 89(5):288–93. 

7.  Howarth DR, Lum SS, Esquivel P et al. Initial Results of Multigene Panel Testing for 

Hereditary Breast and Ovarian Cancer and Lynch Syndrome. Am. Surg. 2015; 

81(10):941–4. 

8.  Taylor JC, Martin HC, Lise S et al. Factors influencing success of clinical genome 

sequencing across a broad spectrum of disorders. Nat. Genet. 2015; 47(7):717–726. 

9.  Yurgelun MB, Allen B, Kaldate RR et al. Identification of a Variety of Mutations in 

Cancer-Predisposition Genes in Patients With Suspected Lynch Syndrome. 

Gastroenterology 2015; May(July):1–10. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


15 

 

10.  Kamat AM. Commentary on "Risks of primary extracolonic cancers following colorectal 

cancer in lynch syndrome. Urol. Oncol. Semin. Orig. Investig. 2013; 31(5):716. 

11.  Whitcomb DC, Shelton CA, Brand RE. Genetics and Genetic Testing in Pancreatic 

Cancer. Gastroenterology 2015; 149(August):1–13. 

12.  Harinck F, Poley JW, Kluijt I et al. Is early diagnosis of pancreatic cancer fiction? 

Surveillance of individuals at high risk for pancreatic cancer. Dig. Dis. 2010; 28(4–

5):670–8. 

13.  Chari ST, Kelly K, Hollingsworth MA et al. Early detection of sporadic pancreatic cancer: 

summative review. Pancreas 2015; 44(5):693–712. 

14.  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):2010–9. 

15.  Catts ZA-K, Baig MK, Milewski B et al. Statewide Retrospective Review of Familial 

Pancreatic Cancer in Delaware, and Frequency of Genetic Mutations in Pancreatic Cancer 

Kindreds. Ann. Surg. Oncol. 2016. doi:10.1245/s10434-015-5026-x. 

16.  Daly MB, Pilarski R, Axilbund JE et al. Genetic/Familial High-Risk Assessment: Breast 

and Ovarian, Version 2.2015. J. Natl. Compr. Canc. Netw. 2016; 14(2):153–62. 

17.  Kim DH, Crawford B, Ziegler J, Beattie MS. Prevalence and characteristics of pancreatic 

cancer in families with BRCA1 and BRCA2 mutations. Fam. Cancer 2009; 8(2):153–8. 

18.  Grant RC, Selander I, Connor AA et al. Prevalence of Germline Mutations in Cancer 

Predisposition Genes in Patients With Pancreatic Cancer. Gastroenterology 2015; 

148(3):556–564. 

19.  Holter S, Borgida A, Dodd A et al. Germline BRCA mutations in a large clinic-based 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


16 

 

cohort of patients with pancreatic adenocarcinoma. J. Clin. Oncol. 2015; 33(28):3124–

3129. 

20.  Hahn SA, Greenhalf B, Ellis I et al. BRCA2 germline mutations in familial pancreatic 

carcinoma. J. Natl. Cancer Inst. 2003; 95(3):214–21. 

21.  Easton DF, Matthews FE, Ford D et al. Cancer mortality in relatives of women with 

ovarian cancer: the OPCS Study. Office of Population Censuses and Surveys. Int. J. 

Cancer 1996; 65(3):284–94. 

22.  Lal G, Liu G, Schmocker B et al. Inherited predisposition to pancreatic adenocarcinoma: 

role of family history and germ-line p16, BRCA1, and BRCA2 mutations. Cancer Res. 

2000; 60(2):409–16. 

23.  Humphris JL, Johns AL, Simpson SH et al. Clinical and pathologic features of familial 

pancreatic cancer. Cancer 2014; 120(23):1–7. 

24.  Lucas AL, Frado LE, Hwang C et al. BRCA1 and BRCA2 germline mutations are 

frequently demonstrated in both high-risk pancreatic cancer screening and pancreatic 

cancer cohorts. Cancer 2014; 120(13):1–8. 

25.  Skolnick MARK. The Utah genealogical database: a resource for genetic epidemiology. 

Banbury Rep. 1980; 4:285–297. 

26.  Tomczak K, Czerwińska P, Wiznerowicz M. The Cancer Genome Atlas (TCGA): An 

immeasurable source of knowledge. Wspolczesna Onkol. 2015; 1A:A68–A77. 

27.  DePristo MA, Banks E, Poplin R et al. A framework for variation discovery and 

genotyping using next-generation DNA sequencing data. Nat. Genet. 2011; 43(5):491–8. 

28.  Wildeman M, van Ophuizen E, den Dunnen JT, Taschner PEM. Improving sequence 

variant descriptions in mutation databases and literature using the Mutalyzer sequence 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


17 

 

variation nomenclature checker. Hum. Mutat. 2008; 29(1):6–13. 

29.  Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants 

from high-throughput sequencing data. Nucleic Acids Res. 2010; 38(16):e164. 

30.  Lek M, Karczewski KJ, Minikel E V. et al. Analysis of protein-coding genetic variation in 

60,706 humans. Nature 2016; 536(7616):285–291. 

31.  Yeo G, Burge CB. Maximum entropy modeling of short sequence motifs with applications 

to RNA splicing signals. J. Comput. Biol. 2004; 11(2–3):377–94. 

32.  Tavtigian S V, Deffenbaugh  a M, Yin L et al. Comprehensive statistical study of 452 

BRCA1 missense substitutions with classification of eight recurrent substitutions as 

neutral. J. Med. Genet. 2006; 43(4):295–305. 

33.  Adzhubei I, Jordan DM, Sunyaev SR. Predicting Functional Effect of Human Missense 

Mutations Using PolyPhen-2. Curr. Protoc. Hum. Genet. 2013; Chapter 7:Unit7.20. 

34.  Kircher M, Witten DM, Jain P et al. A general framework for estimating the relative 

pathogenicity of human genetic variants. Nat. Genet. 2014; 46(3):310–5. 

35.  Young EL, Feng BJ, Stark AW et al. Multigene testing of moderate-risk genes: be mindful 

of the missense. J. Med. Genet. 2016; 53(6):366–76. 

36.  Stone E a, Sidow A. Physicochemical constraint violation by missense substitutions 

mediates impairment of protein function and disease severity. Genome Res. 2005; 

15(7):978–86. 

37.  Tavtigian S V, Byrnes GB, Goldgar DE, Thomas A. Classification of rare missense 

substitutions, using risk surfaces, with genetic- and molecular-epidemiology applications. 

Hum. Mutat. 2008; 29(11):1342–54. 

38.  Vallée MP, Sera TL Di, Nix DA et al. Adding In Silico Assessment of Potential Splice 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


18 

 

Aberration to the Integrated Evaluation of BRCA Gene Unclassified Variants. Hum. 

Mutat. 2016. doi:10.1002/humu.22973. 

39.  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):207–11. 

40.  Freeman MF, Tukey JW. Transformations Related to the Angular and the Square Root. 

Ann. Math. Stat. 1950; 21(4):607–611. 

41.  Lek M, Karczewski K, Minikel E et al. Analysis of protein-coding genetic variation in 

60,706 humans. bioRxiv 2015:1–26. 

42.  Rosner B. Fundamentals of Biostatistics, 2nd edition. Boston, MA: Duxbury Press, 1986. 

43.  Wickham H. ggplot2: Elegant Graphics for Data Analysis., Springer-Verlag New York, 

2009. 

44.  Roeb W, Higgins J, King M. Response to DNA Damage of CHEK2 Missense Mutations 

in Familial Breast Cancer. Hum. Mol. Genet. 2012; 21(12):2738–44. 

45.  Daly MB, Pilarski R, Berry M et al. NCCN Guidelines Insights: Genetic/Familial High-

risk assessment: Breast and Ovarian, Version 2.2017. J Natl Compr Canc Netw 2017; 

15(1):9–20. 

46.  Couch FJ, Shimelis H, Hu C et al. Associations Between Cancer Predisposition Testing 

Panel Genes and Breast Cancer. JAMA Oncol. 2017; 55905:1–7. 

47.  Provenzale D, Jasperson K, Ahnen DJ et al. Colorectal Cancer Screening, Version 1.2015. 

J Natl Compr Canc Netw 2015; 13(8):959–68; quiz 968. 

48.  Villani A, Tabori U, Schiffman J et al. Biochemical and imaging surveillance in germline 

TP53 mutation carriers with Li-Fraumeni syndrome: a prospective observational study. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


19 

 

Lancet. Oncol. 2011; 12(6):559–67. 

49.  van der Post RS, Vogelaar IP, Carneiro F et al. Hereditary diffuse gastric cancer: updated 

clinical guidelines with an emphasis on germline CDH1 mutation carriers. J. Med. Genet. 

2015; 52(6):361–74. 

50.  Leachman SA, Carucci J, Kohlmann W et al. Selection criteria for genetic assessment of 

patients with familial melanoma. J. Am. Acad. Dermatol. 2009; 61(4):1–14. 

51.  Evaluation of Genomic Applications in Practice and Prevention (EGAPP) Working 

Group. Recommendations from the EGAPP Working Group: genetic testing strategies in 

newly diagnosed individuals with colorectal cancer aimed at reducing morbidity and 

mortality from Lynch syndrome in relatives. Genet. Med. 2009; 11(1):35–41. 

52.  Hartman DJ, Brand RE, Hu H et al. Lynch syndrome-associated colorectal carcinoma: 

Frequent involvement of the left colon and rectum and late-onset presentation supports a 

universal screening approach. Hum. Pathol. 2013; 44(11):2518–2528. 

53.  Heald B, Plesec T, Liu X et al. Implementation of universal microsatellite instability and 

immunohistochemistry screening for diagnosing lynch syndrome in a large academic 

medical center. J. Clin. Oncol. 2013; 31(10):1336–1340. 

54.  Kidambi TD, Blanco A, Myers M et al. Selective Versus Universal Screening for Lynch 

Syndrome: A Six-Year Clinical Experience. Dig. Dis. Sci. 2014; 60(8):2463–2469. 

55.  Musulén E, Sanz C, Muñoz-Mármol AM, Ariza A. Mismatch repair protein 

immunohistochemistry: A useful population screening strategy for Lynch syndrome. 

Hum. Pathol. 2014; 45(7):1388–1396. 

56.  Hampel H, Frankel WL, Martin E et al. Feasibility of screening for Lynch syndrome 

among patients with colorectal cancer. J. Clin. Oncol. 2008; 26(35):5783–8. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


20 

 

57.  Chang SC, Lin PC, Yang SH et al. Taiwan hospital-based detection of Lynch syndrome 

distinguishes 2 types of microsatellite instabilities in colorectal cancers. Surgery 2010; 

147(5):720–728. 

58.  Hampel H, Frankel WL, Martin E et al. Screening for the Lynch syndrome (hereditary 

nonpolyposis colorectal cancer). N. Engl. J. Med. 2005; 352(18):1851–60. 

59.  Erten MZ, Fernandez LP, Ng HK et al. Universal Versus Targeted Screening for Lynch 

Syndrome: Comparing Ascertainment and Costs Based on Clinical Experience. Dig. Dis. 

Sci. 2016. doi:10.1007/s10620-016-4218-y. 

60.  Gould-Suarez M, El-Serag HB, Musher B et al. Cost-Effectiveness and Diagnostic 

Effectiveness Analyses of Multiple Algorithms for the Diagnosis of Lynch Syndrome. 

Dig. Dis. Sci. 2014; 59(12):2913–2926. 

61.  Pritchard CC, Mateo J, Walsh MF et al. Inherited DNA-Repair Gene Mutations in Men 

with Metastatic Prostate Cancer. N. Engl. J. Med. 2016:NEJMoa1603144. 

62.  Farmer H, McCabe N, Lord CJ et al. Targeting the DNA repair defect in BRCA mutant 

cells as a therapeutic strategy. Nature 2005; 434(7035):917–21. 

63.  Buisson R, Dion-Côté A-M, Coulombe Y et al. Cooperation of breast cancer proteins 

PALB2 and piccolo BRCA2 in stimulating homologous recombination. Nat. Struct. Mol. 

Biol. 2010; 17(10):1247–1254. 

64.  Fogelman DR, Wolff RA, Kopetz S et al. Evidence for the efficacy of iniparib, a PARP-1 

inhibitor, in BRCA2-associated pancreatic cancer. Anticancer Res. 2011; 31(4):1417–

1420. 

65.  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; 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


21 

 

33(3):244–50. 

66.  Le DT, Uram JN, Wang H et al. PD-1 Blockade in Tumors with Mismatch-Repair 

Deficiency. N. Engl. J. Med. 2015; 372(26):2509–2520. 

67.  Putnam CD, Hayes TK, Kolodner RD. Specific pathways prevent duplication-mediated 

genome rearrangements. Nature 2009; 460(7258):984–9. 

68.  Le DT, Durham JN, Smith KN et al. Mismatch-repair deficiency predicts response of solid 

tumors to PD-1 blockade. Science 2017; 6733(June):1–11. 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 28, 2017. ; https://doi.org/10.1101/195537doi: bioRxiv preprint 

https://doi.org/10.1101/195537


22 

 

Figure 1. Flowchart of methods. Includes the weighting assigned to filtered sequence variants. 

In the second set of unselected pancreatic cancer cases, one case failed testing with the custom 

59-gene panel and 12 cases declined testing with the Invitae hciPancreasCA panel. MAF = minor 

allele frequency; HiP-VUS = high probability of pathogenicity variant of uncertain significance; 

MMR – mismatch repair; Prior_P = sequence analysis-based prior probability of pathogenicity. 

 

Figure 2. The proportion of carriers of pathogenic variants and high probability of 

pathogenicity variants of uncertain significance (HiP-VUS) in unselected pancreatic cancer. 

Results based on a meta-analysis of the unselected pancreatic cancer cases from the Huntsman 

Cancer Hospital (HCH), the Mayo Clinic, and the pancreatic cancer cases from The Cancer 

Genome Atlas (TCGA). Carrier frequency point estimates and 95% confidence intervals for 

groups of genes are presented on a log-scale. A list of genes contained within each analysis 

group is provided in Supplemental Table 1. The breakdown of results by study is described in 

Supplemental Table 3. HBOC = Hereditary Breast and Ovarian Cancer; HRR = Homologous 

Recombination and Repair; ICR = Interstrand Crosslink Repair; OC = Ovarian Cancer; BC = 

Breast Cancer. 

 

Figure 3. Standardized incidence ratios for cancer susceptibility gene groups in unselected 

pancreatic cancer cases. The carrier frequencies from the meta-analysis of the cases and the 

Exome Aggregation Consortium excluding the Cancer Genome Atlas (non-TCGA ExAC) are 

detailed in Supplemental Table 5. A list of genes contained within each analysis group is 

provided in Supplemental Table 1. Error bars represent 95% confidence intervals. HBOC = 
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Hereditary Breast and Ovarian Cancer; HRR = Homologous Recombination and Repair; ICR = 

Interstrand Crosslink Repair; OC = Ovarian Cancer; BC = Breast Cancer. 
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Table 1: Pathogenic variants and variants of uncertain significance (VUS) with elevated 
probabilities of pathogenicity identified from a custom 34- or 59-gene panel and a clinical 14-
gene panel in pancreatic cancer cases, unselected for family history. 
 Gene HGVS Notation Sex: Age of 

Onset 
Carrier 
Weight 

Met NCCN 
Criteria 

Custom 34-gene panel    
 ATM c.7327C>G p.(R2443G) M: 66 0.81 No 
 ATM c.8734A>G p.(R2912G) F: 65 0.81 Insufficient 

information 
 BRCA2  c.3873del p.(Q1291Hfs*2) M: 54 1 No 
 MSH6 c.3261dup p.(F1088Lfs*5) F: 57 1 Insufficient 

information 
 PALB2 c.1240C>T p.(R414*) F: 69 1 No 
 STK11 c.738C>A p.(Y246*) M: 45 1 Yes 
  Carrier Frequency: 5.62/66=8.52% (3.41-18.7%) 
      
Custom 59-gene panel  
 ATM c.8734A>G p.(R2912G) M: 74 0.81 No 
 

BRCA1 c.68_69del p.(E23Vfs*17) 
M: 74 1 Insufficient 

information 
 BRCA2 c.3974_3975insTGCT 

p.(T1325Cfs*4) 
M: 71 1 Yes 

 CHEK2 c.1159A>G p.(T387A) M: 81 0.81 No 
 CHEK2 c.1427C>T p.(T476M) F: 50 0.99a No 
 MRE11A c.923dupT p.(M309Hfs*8) M: 56 1 No 
 MSH6 c.3851C>T p.(T1284M) F: 68 0.94 No 
 RAD50 c.3641G>A p.(R1214H) F: 50 -a No 
 

TP53 c.847C>T p.(R283C) 
M: 65 0.81 Insufficient 

information 
    
Clinical 14-gene panel    
 ATM c.1402_1406delAAGAG p.(K468Vfs*17) F:47 1 Yes 
 ATM c.2426C>A p.(S809*) F:83c 1 Yes 
 ATM c.3993+1G>A (splice donor) M:77d 1b Yes 
 BRCA2 c.6275_6276delTT p.(L2092Pfs*7) M:77 -b Yes 
 CDKN2A c.301G>T p.(G101W) F:64f 1 Yes 
 CHEK2 c.349A>G p.(R117G)  F:77 0.95 Yes 
 MSH6 c.1444C>T p.(R482*) F:78e 1 Yes 
 TP53 c.1015G>A p.(E339K) F:77 0.81 Yes 
  Carrier Frequency: 14.12/156=9.05% (5.23 – 14.97%) 
a,b The same individual carried both variants, so carrier weight was combined and only counted 
once; c Additional cancers: lung @ 81 and CRC @ 68; d Additional cancers: prostate (gleason 7) 
@ 77; e Additional cancers: breast @ 55, endometrial @ 58, urethral @ 71; f Additional cancers: 
melanoma @ 40, cervical @ 34. HGVS=Human Genome Variation Society. NCCN=National 
Comprehensive Cancer Network 
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