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ABSTRACT 
Context Hereditary pancreatitis is the early onset form of chronic pancreatitis that is carried in an autosomal dominant pattern with 
variable penetrance. While 80% of hereditary pancreatitis has been shown to be due to a single mutation in the trypsinogen gene 
PRSS1, a number of hereditary pancreatitis families have no identified genetic cause for illness; thus no reliable screening options or 
clear therapy. Objective To explore the use of massive parallel DNA sequencing technology to discover the etiology of pancreatitis 
in a family with idiopathic hereditary pancreatitis. Design Candidate gene screening and verification within a kindred. Setting 
Prospective cohort study, university based. Patients or participants Kindred with idiopathic hereditary pancreatitis. Interventions 
None. Main outcome measures Identification of DNA variants predicted to increase susceptibility to pancreatitis. Methods Whole 
exome sequencing of two distantly related subjects with variant-specific confirmation in the subjects and other family members. 
Results We identified three deleterious genetic changes in the three major pancreatitis associated genes (PRSS1 CNV, SPINK1 
c.27delC and CFTR R117H), two of which were carried by each patient. Individual targeted assays confirmed these variations in the 
two whole exome sequencing patients as well as affected and non-affected pedigree members. Conclusion Whole exome sequencing 
was useful for rapid screening of candidate genes linked to pancreatitis. This method opens the door for time- and cost-effective 
screening of multiple disease-associated genes and modifying factors that associate in different ways to generate a complex genetic 
disorder. 
 
INTRODUCTION 
 
Most hereditary pancreatitis families have gain-of-
function mutations in the cationic trypsinogen gene 
(protease serine 1 (trypsin I precursor); PRSS1) [1, 2, 3, 
4]. Familial clustering of pancreatitis occurs with 
various combinations of pancreatic secretory trypsin 
inhibitor gene (serine protease inhibitor, Kazal type 1; 
SPINK1) mutations [5] and/or severe or atypical cystic 
fibrosis transmembrane conductance regulator (CFTR) 
mutations (CFTR-CF) [6, 7, 8]. Heterozygous or 
complex SPINK1, CFTR, chymotrypsinogen C 
(CTRC), and calcium sensing receptors (CASR), 
variants are also seen in idiopathic pancreatitis [8, 9]. 

To add to the complexity, there is increasing 
recognition that rare or private mutations in known 
pancreatitis susceptibility genes are associated with 
risk of pancreatitis, as demonstrated for CTRC [10]. 
Finally, copy number variants in PRSS1 increase risk 
of pancreatitis and must also be considered [11]. 
As the number of genes and mutations involved in the 
onset and progression of pancreatitis becomes higher, 
the time and cost of screening and sequencing specific 
exons continues to increase. However, a new approach 
that uses massive parallel sequencing called next 
generation sequencing (NGS) is becoming 
standardized, and the cost per patient is rapidly 
dropping. NGS includes whole genome sequencing, 
whole exome sequencing (WES) and other methods. 
Because the cost of WES in our hands is now less than 
the cost of sequencing CFTR use of this technology is 
becoming an attractive alternative to classic targeted 
gene sequencing or mutation specific genotyping for a 
genetic counseling workup. The work presented in this 
article explores the feasibility and utility of WES to 
identify the cause of disease in a hereditary pancreatitis 
family. 
The J family was composed of three generations, 
including four living pancreatitis patients and was 
typical for hereditary pancreatitis (Figure 1). Direct 
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sequencing of all exons of PRSS1 and exons 2-3 of 
SPINK1 sequencing resulted in no apparent familial 
mutation. Screening of CFTR revealed a non-CF 
causing p.R117H variant (T7), but this did not 
segregate exclusively with disease. Linkage analysis 
suggested a possible shared locus on chromosome 12, 
but the wide variety of phenotypic features (age of 
onset and symptom severity) confounded definitive 
phenotyping in key family members. Onset of 
pancreatitis symptoms was in the teens for both 
subjects chosen for WES. To determine whether this 
family had undetected variants in known pancreatitis 
susceptibility genes, we conducted WES, focusing our 
analysis on PRSS1 (5 exons), SPINK1 (4 exons), CFTR 
(27 exons), CTRC (8 exons), and CASR (7 exons). 
 
METHODS 
 
Patients 
 
Family J from the Hereditary Pancreatitis (HP) study 
[12] was selected for NGS using the following criteria: 
direct sequencing of all exons in PRSS1 and exons 2-3 
in SPINK1 were negative for any potential disease-
causing mutation; large family with multiple affected 
family members in different generations; and a 
pedigree that suggests a complex inheritance pattern or 
incomplete penetrance. DNA of cases II-1 and III-6 
were sent for NGS. 
 
Whole Exome Sequencing 
 
DNA (3 µg) was enriched using the Agilent (Santa 
Clara, CA, USA) SureSelect Human All Exon kit 
optimized for the SOLiD Sequencing System (AB Life 

Technologies, Foster City, CA, USA). This genome-
wide approach targets the exons of about 18,000 
known genes, covering 38 Mb of the human genome. 
The prepared exome library was emulsion amplified 
following the manufacturer’s directions for the EZBead 
Amplifier (AB Life Technologies) at a 0.3 pM library 
concentration. Each sample was sequenced on one 
quadrant (1/4) of a SOLiD 4 sequencing slide, and we 
obtained 3.1 and 2.2 Gb of mappable sequence. Color 
space reads were mapped to the reference human 
genome (NCBI GRCh37.2) and variants (both single 
nucleotide polymorphisms (SNP) and indels) were 
called using the CLCbio (Germantown, MD, USA) 
Genomics Workbench software (version 4.6).   
Confirmation of WES Data  
WES results were confirmed by individual assay, 
testing all samples of family J with available DNA as 
well subsets of Hereditary Pancreatitis Study (HP: Dr 
Whitcomb, principal investigator) and North American 
Pancreatitis Study II (NAPS2; Dr Whitcomb, principal 
investigator) cohorts for SPINK1 c.27delC, PRSS1 
CNV and CFTR R117H. 
 
SPINK1 c.27delC  
An individual Taqman® (AB Life Technologies) assay 
was designed for the c.27delC mutation. Data were 
analyzed using SDS2.3 software (AB Life 
Technologies). 
 
PRSS1 CNV  
A pre-designed and validated CNV assay located in 
exon 5 of PRSS1 (AB Life Technologies; 

Figure 1. J family pedigree and genotyping/smoking data. 
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Hs03192321_cn) was used. PRSS1 copy number was 
calculated in proportion to RNAseP reference assay 
(AB Life Technologies cat#4403326): The assays were 
performed in triplicate and repeated at least once for 
each sample. Data were analyzed using Copy Caller 
Software (version 1.0; AB Life Technologies). 
 
CFTR R117H 
 
A multiplex PCR-based SNP assay (Sequenom®, AB 
Life Technologies) was used. Primer sequences 
available on request. 
 
ETHICS 
 
The study was approved by the Institutional Review 
Board of the University of Pittsburgh prior to patient 
contact or ascertainment. All subjects provided written 
informed consent that conformed to the ethical 
guidelines of the “World Medical Association 
Declaration of Helsinki - Ethical Principles for Medical 
Research Involving Human Subjects”. 
 

STATISTICS 
 
Statistical analyses (Welch two sample t-test) were 
done using the R statistical package [13] 
(http://www.R-project.org/). Boxplots (figure 2a) were 
also produced in R, and follow the conventions of the 
boxplot function (from the default graphics library). 
Copy number variants were compared using 
CopyCaller 1.0 softward (Applied Biosystems, 
Carlsbad, CA, USA). 
 
RESULTS 
 
No significant mutations in CTRC, CASR or PRSS1 
were identified. We identified a SPINK1 c.27delC (a 
one-base deletion in exon 1 of SPINK1), shared in a 
heterozygous state, in both patients. This variant was 
confirmed by Taqman® (AB Life Technologies) in 
these two patients and 11 additional family members 
and was implicated in one obligate carrier. The 
apparent penetrance of c.27delC for pancreatitis in this 
family was 42%. This frameshift mutation is expected 
to cause nonsense mediated decay of the mRNA 
message, reducing cellular Spink1 protein levels to 
50% of normal. SPINK1 c.27delC was previously 
reported in 2 French hereditary pancreatitis families 
with variable penetrance [14]. Upon testing 713 
subjects from other hereditary pancreatitis families and 
1,550 subjects from the North American Pancreatitis 
Study 2 cohort [15], we found a single additional 
carrier, a 47-year-old female with recurrent acute 
pancreatitis, no other identified genetic mutations, and 
no family history of pancreatic disease. 
The CFTR variant R117H was identified in case II-2 
but not III-6. R117H is a frequent variant in the general 
population and has been associated with cystic fibrosis 
but only when in cis with a T5 allele [16]; however, the 
R117H in this family was not associated with T5. This 
CFTR variant was confirmed via a multiplex 
Sequenom® (AB Life Technologies) assay and was 
subsequently identified in 10 additional family 
members and implicated in one obligate carrier. The 
apparent penetrance of R117H alone for pancreatitis 
was 44% in this family. 
Patient III-6 was also found to carry a PRSS1 copy 
number variant, as demonstrated by the increased 
average coverage of this gene in the WES platform: 
coverage across PRSS1 was significantly elevated with 
respect to other genes in the region (P=0.004, Figure 
2a). A pre-designed and validated copy number variant 
assay targeting PRSS1 (AB Life Technologies; 
Hs03192321_cn) confirmed a statistically significant 
increased copy number in this patient but in no other 
family member (Figure 2b); it estimated a copy number 
of 3 for III-6 (confidence score of 0.67 and a |z| score 
of 0.0 for 3 copies of PRSS1), and a copy number of 2 
for all other family members. PRSS1 copy number 
variants have been reported in a small number of 
hereditary pancreatitis families around the world and a 
50% increase in basal trypsin expression is expected to 
be causal for pancreatitis, but this is the first report of a 
single apparent de novo duplication within an 

Figure 2. WES and confirmatory CNV of PRSS1. a. PRSS1 
coverage of case III-6. Observed coverage of sequencing fragments
from WES in reference region (T-cell receptor beta locus: TRB) and 
PRSS1. Mean coverage of PRSS1 (38.67) was significantly higher 
than in TRB (20.60), P=0.004 using Welch two sample t-test (95% CI
of the difference: 6.04-30.09). Box-whisker plot: boxes are defined 
by the second and third quartile sections of the data; whiskers
indicate the first and 4th quartile sections of the data. The cross bar is
the mean and the notches are indicators of the standard error of the
mean. Non-overlap of notches is an indicator of significant
differences in distribution using non-parametric approaches. Circles 
are considered outliners. b. PRSS1 copy number variant assay of 
pedigree 21. PRSS1 copy number is plotted for family members, and
an unrelated hereditary pancreatitis PRSS1 R122H case. All samples
had the expected copy number of 2, except III-6, with CNV3. The
mean and min/max results for each assay are shown. 
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established hereditary pancreatitis family with no other 
copy number variants. Testing the rest of the hereditary 
pancreatitis and NAPS2 subjects for PRSS1 CNV 
revealed a single additional family with two affected 
twin sons and a copy number of 3 for each. 
Heterozygous loss-of-function mutations in CFTR, 
SPINK1, CTRC, and CASR are commonly identified in 
control populations, with epistasis seen between CFTR 
and SPINK1 variants [8] and CASR and SPINK1 
variants [17]. In this family, combined penetrance of 2 
or more of these variants was 62.5%. 
Smoking and drinking are strong independent risk 
factors for pancreatitis [18, 19]. All but one of the 
c.27delC/R117H carriers who were affected also self-
reported being current or former smokers, while 2/3 of 
the unaffected c.27delC/R117H carriers were non-
smokers. However, alcohol usage did not correlate with 
disease status: 2/3 of the c.27delC/R117H unaffected 
carriers were light drinkers, and 2/3 of the affected 
carriers were never-drinkers, placing all of the subjects 
well below the risk-threshold for alcohol-associated 
pancreatitis [19]. Thus, each affected patient carried 
unique genetic and environmental factors that 
individually would not necessarily cause pancreatitis 
but combined to confer very high risk. 
 
DISCUSSION 
 
These data demonstrate an application of WES in 
evaluating the entire coding region of 5 confirmed 
pancreatitis susceptibility genes. This includes 
discovery of a rare SPINK1 mutation, a common CFTR 
mutation and a single PRSS1 copy number mutation in 
a single assay. In addition, other mutations in PRSS1, 
CTSR and CASR were excluded. Furthermore, any 
newly reported variant could be quickly checked in 
these individuals. Finally, the use of this technology in 
an idiopathic hereditary pancreatitis family was chosen 
because the risk of rare variants could be validated in 
other family members. This approach will also be 
useful in sporadic patients where known variants are 
identified, or the functional effect of a rare mutation 
can be determined. 
An important application of WES is in the guidance of 
clinical decision-making, particularly in managing 
complex chronic inflammatory disorders. In 
pancreatitis, clinicians are currently limited to broad 
interventions, such as minimizing pancreatic 
stimulation or improving drainage. Knowledge of 
contributory genetic variants could allow them to take 
advantage of etiology-based treatment strategies being 
developed that target the acinar (e.g., PRSS1 variants 
[20]) or duct cells (e.g., CFTR variants [21]). Our use 
of WES with validation indicated different etiologies in 
different patients, and therefore different approaches. 
Also, WES saved significant time at about the same 
cost compared with direct sequencing and copy number 
analysis of individual candidate genes (more details are 
reported in the Note statement below). In addition, 
individual III-6 now presents completely different risks 
for disease progression and inheritance as compared to 

that of the rest of the family, and the genetic risk for 
pancreatitis for the rest of the third generation of this 
family can be reported as substantially reduced. 
While the standard practice in genotyping hereditary 
pancreatitis families is presupposing a single variant is 
fully responsible for disease, this would have failed in 
the case of the J family. There is growing evidence the 
hereditary pancreatitis families with an absence of a 
standard (R122H) PRSS1 mutation (and possibly even 
those with) require much more consideration and have 
a more complex pathology, with multiple genetic 
variants and environmental pressures converging into a 
small family set. Care must be taken in interpreting 
PRSS1 variants since there are nine trypsinogen-like 
genes and pseudo-genes with nearly identical sequence. 
Thus, all sequence variants must be verified and 
custom genotyping methods are required to detect the 
major PRSS1 gain-of-function mutations if hereditary 
pancreatitis is suspected. 
As insight into genetic susceptibility to pancreatitis 
grows the importance of genotyping patients will also 
grow. We are evaluating the benefit of genotyping 
patients at the beginning of their clinical evaluation 
because a positive test immediately completes the 
diagnostic work-up, and may provide direction for 
etiology-based treatment strategies in the future (e.g., 
aimed at the duct cells or aimed at the acinar cell). 
In summary, using WES in two members of a family 
with hereditary pancreatitis, we identified complex 
etiologies with epistasis between common and rare 
mutations in CFTR and SPINK1, copy number variants 
in PRSS1, and a relationship to smoking but not 
alcohol use. We have thus far limited the study to basic 
candidate genes for pancreatitis, and even with this 
temporarily restricted approach, we have located 
significant genetic lesions that have not been identified 
through basic techniques. There is a notable decrease in 
time needed for NGS of our two patients as opposed to 
direct sequencing and copy number analysis of 
individual candidate genes, the cost is comparable, and 
now we have an extensive database in which to mine 
for additional candidate lesions in this family in the 
near future. Moving forward, as new susceptibility 
factors and modifier genes are identified, the patients 
evaluated by WES can be rapidly and inexpensively 
screened. 
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