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Extensive Molecular Analysis Suggested the Strong Genetic
Heterogeneity of Idiopathic Chronic Pancreatitis
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Genetic features of chronic pancreatitis (CP) have been investigated extensively, mainly by ftesting genes associated to the
frypsinogen activation pathway. However, different molecular pathways involving other yenes may be implicated in CP patho-
genesis. A fotal of 80 patients with idiopathic chronic pancreatitis (ICP) were investigated using a Next-Generation Sequencing
(NGS) approach with a panel of 70 yenes related to six different pancreatic pathways: premature activation of trypsinoygen,
modifier genes of cystic fibrosis phenotype, pancreatic secretion and ion homeostasis, calcium signaling and zymoygen granules (ZG)
exocytosis, autophaygy and autoimmune pancredtitis-related yenes. We detected mutations in 34 out of 70 yenes examined;
of the 80 patients, 64 (80.0%) were positive for mutations in one or more genes and 16 (20.0%) had no mutations. Mutations in
CFTR were detected in 32 of the 80 patients (40.0%) and 22 of them exhibited af least one mutation in yenes of other pancreatic
pathways. Of the remaining 48 patients, 13/80 (16.3%) had mutations in yenes involved in premature activation of trypsinogyen
and 19/80 (23.8%) had mutations only in genes of the other pathways: 38 (59.3%) of the 64 patients positive for mutations showed
variants in fwo or more yenes. Our data, although to be extended with functional analysis of novel mutations, sugygest a high rate
of genetic heteroyeneity in CP and that frans-heterozygosity may predispose to the ICP phenotype.
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INTRODUCTION

Chronic pancreatitis (CP) is a per-
sistent inflammatory disease in which
exocrine acinar tissue is gradually
replaced by fibrotic tissue (1). The annual
incidence of CP in adults is estimated
to be 5-12 per 100,000 inhabitants each
year in Japan, Europe and the United
States (2). Data on the incidence in
children are not available (3). In adults,
CP is frequently secondary to alcohol

abuse or to gallstones (2). Such causes
are uncommon in pediatric pancreatitis,
where a percentage of the cases are due
to congenital pancreatic malformations.
More rare causes include trauma and
drugs (4).

Furthermore, in the last decade, hered-
itary pancreatitis (HP), pancreatitis with
no other etiology that appears in more
members of the family (5), has been
described and is frequently associated
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to mutations in genes encoding proteins
related to zymogen granules (ZG) activa-
tion (6) such as protease serine 1 (PRSS1)
and serine protease inhibitor Kazal-type 1
(SPINKI).

However, mutations in such genes
were observed also in patients with
idiopathic pancreatitis (IP) without
family history. Mutations in the PRSS1
gene were found in about 1.9% of IP
patients ranging from 0.2% to 10% (7,8),
while the prevalence of the most com-
mon mutation N34S in SPINKI gene is
about 2% (9) in such cases. Furthermore,
43% and 11% of patients with idiopathic
recurrent pancreatitis or CP carried one
and two cystic fibrosis transmembrane
conductance regulator (CFTR) mutations,
respectively, even if symptoms sugges-
tive for cystic fibrosis (CF) are absent in
most cases (10-12). Conversely, about
1.2% of CF patients develop CP (13), and



the risk increases for patients with re-
sidual pancreatic function (about 10% of
cases). However, also excluding all such
causes, about one-third of recurrent/
chronic pancreatitis remains idiopathic,
and this number is higher in children,
who seldom report the classical risk fac-
tors observed in adults (8).

All forms of pancreatitis are primarily
due to the altered pathway of activa-
tion and/or inhibition of ZG within the
pancreatic acinar cells, in particular the
premature activation of trypsinogen
and a myriad of proteins are involved
in regulating such processes (14). Only a
few of these proteins have been studied
extensively, and pathogenic mutations
were identified in encoding genes. In
fact, different molecular mechanisms are
implicated in CP pathogenesis and, in-
terestingly, the interplay among all path-
ways contributes to the development
of the disease. The best-studied mecha-
nisms are the premature intrapancreatic
activation of trypsin, increased concen-
tration of intracellular calcium (Ca®"),
impaired autophagy in acinar cells and
autoimmune reactions.

Therefore, we planned to extend the
molecular analysis to 70 genes encoding
proteins involved in several pathways
related to ZG activation and secretion in
a cohort of ICP.

MATERIALS AND METHODS

Patients

Informed consent was obtained
from all patients or from the parents
or guardians of minors. The study was
approved by the Ethical Committee
(Scientific Board of Bambino Gesu Chil-
dren’s Hospital) and was conducted in
accordance with the Helsinki Declara-
tion. This study included 80 patients
(38 males and 42 females) with idio-
pathic chronic pancreatitis (ICP), age
range: 361 years and median: 11 years.
Inclusion criteria was CP according to
Rosemont’s criteria (15,16). All cases
presented an early onset (17-19), that
is, they were diagnosed within the first
three decades of life. Exclusion criteria

were any known etiology of CP and
particularly: (i) alcohol abuse (excluded
by negative anamnesis and normal val-
ues of serum y-glutamyltransferase);

(ii) gallstones, pancreatic calcifications

or congenital malformations (excluded
by ultrasound scanning); (iii) trauma or
protracted assumption of drugs (negative
anamnesis in all patients); (iv) metabolic
diseases (excluded by clinical evaluation);
(v) chronic viral infections (excluded

by clinical evaluation and serology: one
HIV-positive patient was excluded from
this study); (vi) familial pancreatitis (no
patients included in this study had other
members of the family affected); (vii)
autoimmune pancreatitis (all the patients
included in this study had serum IgG4
within reference intervals) and (viii) CF
(one patient homozygous for AF508 CFTR
mutation was identified and excluded
from this study). Surprisingly, the patient
had not been diagnosed for CF because
he had a very mild clinical expression of
CF with CP that usually does not appear
in patients with two CFTR severe muta-
tions. Furthermore, five ICP patients were
diagnosed with CFTR-related disorder
after this analysis, (20) having CP as the
lone symptom, a borderline sweat test and
at least a mild CFTR mutation detected
after our sequencing analysis. In addition
to cases of pancreatitis, we studied 50 un-
related controls. Finally, we referred the
frequency of mutations to that reported in
the 1000 Genomes Project Consortium (21).

MiSeq Panel Genes

We selected 70 genes encoding pro-
teins related to the pancreatic activation
of ZG. Such genes were selected among
the genes annotated in the “Pancre-
atic Secretion Pathway” (map04972),
available in the KEGG database (22).
The 70 genes selected were classified
into six groups according to the activ-
ity of the encoded protein or their role
in the pathogenesis of pancreatitis: (i)
genes encoding proteins potentially
involved in premature intrapancreatic
activation of trypsin (CFTR, PRSSI,
PRSS2, SPINK1, CTRC, CTSB, KRT8 and
CASR) (23-30); (ii) CF modifier genes
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(MBL2, SCNN1G, SERPINA1, TGFB1
and TNFRSF1A) (31,32); (iii) genes en-
coding proteins involved in pancreatic
secretion and ion homeostasis (PPY,
F2RL1, TMPRSS15, SLC4A2, SLC4A4,
SLC26A3, CELA3B, CPB1, REGIA,
REG3A, REGI1B, and CLPS) (33-37); (iv)
genes encoding proteins involved in
calcium (Ca*") signaling and ZG granule
exocytosis (CCKAR, GNA12, GNA13,
GNAQ, RAB3D, RAB27B, RAP1A,
RAP1B, RHOA, RAC1A, PRKCD, ITPR2,
ITPR3, DMBT1, VAMP2, VAMPS, GP2,
TRPC1, TRPC3, TRPC6, STIM1, ORAII,
ATP2A2, ATP2C2, TPCN2, TRPV1,
TRPV5, TRPV6 and PIK3CG) (38-41); (v)
genes encoding proteins involved in au-
tophagy (HSP90AA1, HSPAS, ATP6V1A,
ATG5, VMP1, LAMP2, SQSTM1, USP9X,
MAPILC3A, MAP1LC3B, MAPLC3B2
and MAPILC3C) (42-47) and (vi) auto-
immune pancreatitis-related genes (CA2,
CA4, LTF and ABCF1) (48,49). To search
mutations in such genes, we used the
targeted resequencing performed by a
uniquely customized design: TruSeq
Custom Amplicon (Illumina) with the
MiSeq sequencing platform (Illumina).
The probe design (locus-specific oli-
gos) was carried out by entering target
genomic regions into Design Studio
software (Illumina). The design was per-
formed over a cumulative target region
of 313,445 bp and generated a panel of
1,269 amplicons with coverage of 90%
of the cumulative region. Library prepa-
ration and sequencing runs have been
performed according to the manufactur-
er’s procedure. Only the PRSS2 gene was
analyzed by Sanger sequencing because
its genomic sequence was updated in
the University of California Santa Cruz
(UCSC) genome database after the
design of the resequencing panel.

Data and Bioinformatics Analysis

The MiSeq system includes a data anal-
ysis software; the MiSeq Reporter software
performs secondary analysis on the base
calls and quality score (Qscore) generated
by Real-Time Analysis software during
the sequencing run and provides a list of
all detected variants compared with the
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reference genome (Homo sapiens, hgl9,
build 37.2). Each single variant reported in
the output file has been evaluated for the
coverage and the Qscore and visualized
via the Integrative Genome Viewer (50).
Based on the guidelines of the American
College of Medical Genetics and Genomics
(51), all regions that have been sequenced
with a sequencing depth <30 have been
considered not suitable for the analysis.
Furthermore, we established a minimum
threshold in Qscore of 30 (base call accu-
racy of 99.9%). All identified variants were
analyzed with bioinformatics software that
evaluates the impact of the change in ami-
no-acidic structure on protein functionality
with several parameters, and we filtered
all variants to retain those alterations with
high disease-causing potential. We used
four tools based on different parameters:
PolyPhen-2 (52), Align-GVGD (53,54), SIFT
(55) and MutationTaster (56). To facilitate
the analysis of the different splicing muta-
tions, we used Human Splicing Finder to
predict the effects of mutations on splicing
signals or motifs in any human sequence
(57). Variants that have been predicted

as “damaging” by at least three of the
software have been validated by Sanger
sequencing using standard protocols.

RESULTS

We analyzed 80 patients (160 alleles)
with ICP and 50 healthy control partici-
pants (100 alleles). All individuals were
investigated for 70 genes encoding pro-
teins involved in six different pathways
already reported to contribute to the
pathogenesis of pancreatitis. The experi-
ments showed a good reproducibility of
the data, and the results were evaluated
on the basis of their Qscore (Q > 30),
the coverage (sequencing depth > 20)
and the frequency of variants. Missense
mutations were analyzed by four bioin-
formatics software systems (PolyPhen-2,
Align-GVGD, SIFT and MutationTaster)
to predict the pathogenicity of amino acid
substitutions and their possible conse-
quences on the protein function. Variants
in intronic regions were predicted as
dangerous by specific bioinformatics
tools. Finally, we found 96 potentially
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pathogenic mutations in 34 genes with

a frequency <0.1% in the 1000 Ge-
nomes tool, all absent in the 50 control
participants. Such mutations include:

80 missense, 6 nonsense, 2 synonymous,
6 splicing variants, 1 small deletion and
1 large deletion (Tables 1-3). All the

patients carrying mutations in genes
of all pathways of the panel were het-
erozygous, except for the CFTR gene
for which we found seven patients
compound heterozygous for two differ-
ent CFTR mutations and four patients
heterozygous for a complex allele (i.e.,

Table 1. Mutation frequency in (A) genes encodiny proteins potentially involved in
premature intrapancreatic activation of trypsin and (B) CF modifier yenes.

Pancreatitis
(162 alleles) 1000 Genomes
Gene Exon/Intron Mutation Protein N and (%) (%)
(A) Premature infrapancreatic activation of trypsin

CFIR 1 c.14C>T1 p.Pro5Leu 1(0.6) 0

2 c9IC>T p.Arg31Cys 3.9 0.001

3 C.204A >T p.Lys68Asn 1(0.6) 0

3 c.220C>T p.Arg74Trp 1(0.6) 0.05

3 Cc.224G > A p.Arg75GIn 1(0.6) 0.006

3 c.273G>C p.GlyQ1GIy° 1.6 NA

4 c.328G>C p.Asp110His 1(0.6) 0

4 c.473G>C p.Ser158Thr 2.2 0

VsS4 621+3A>G / 2(1.2) 0

11 c.1521_1523delCTT  p.AF508 5@.1D 0.05

13 c.1727G>C p.Gly576Ala 3.9 0.002

13 c.1736A> G p.Asp579Gly 10.6) 0

14 c.2002C >T p.Arg668Cys 3.9 0.003

15 c.2547C > A p.Tyr849Stop 1(0.6) 0

IVS15 2752-15C > G / 5@.1D 0.001

IVS16 2789 + 5G > A / 1.6 0

17 c.2813T>G p.Val938Gly 1(0.6) 0

18 c.2930C >T p.Ser977Phe 10.6) 0

19 c.2991G>C p.Leu997Phe 2(1.2) 0.002

20 c.3154T> G p.Phe1052Vall 1(0.6) 0

20 c.3205G > A p.Gly1069Ary 1(0.6) 0

21 C.3454G > C p.Asp1152His 3.9 0

22 c.3705T> G p.Ser1235Ary 2.2 0.002

23 c.3808G > A p.Asp1270Asn 10.6) 0.005

24 c.3909C > G p.Asn1303Lys 1(0.6) 0

2 dele2 / 1(0.6) 0
KRT8 6 c.1138G > A p.Val380lle 1(0.6) 0

6 c.1300G > A p.Gly434Ser 2.2 0.015
PRSS1 3 c311T>C p.Leu104Pro 1(0.6) 0

3 c.365G > A p.Arg122His 201.2) 0

3 c416G>T p.Cys139Phe 201.2) 0

4 c.487G > A p.Ala163Thr® 1(0.6) NA

4 c.592-11C >T / 2(1.2) 0

4 c.592-8C>T / 2.2 0
PRSS2 3 c.252T> A p.Asn84Lys® 1(0.6) NA

4 c457G>C p.Asp 153His 1(0.6) 0

4 cHI3T>A p.Cys171Stop 1(0.6) 0.001

4 c.571G > A p.Gly191Ary 1(0.6) 0
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Table 1. Continued.

4 c.689C >T p.Thr230lle” 1(0.6) NA
CTRC 6 c.514A> G p.Lys172Glu 1(0.6) 0.031

7 c.674A>C p.Glu225Ala 1(0.6) 0

7 c.703G > A p.Val235lle 1(0.6) 0.001
SPINK1 3 c.163C>T p.Pro55Ser 201.2) 0.003
CASR 4 c.1285C >T p.His429Tyr® 1(0.6) NA

7 C.2998A > G p.Arg1000Gly 1(0.6) 0
CTSB 6 c281C>T p.Pro94Leu 1(0.6) 0.001

10 c.737A>C p.Asn246Thr 1(0.6) 0.004

(B) CF modifier genes

TNFRSFTA 9 Cc.935G > A p.Arg312Lys 1(0.6) 0.001
SERPINAT 4 c.b52C>G p.Tyr184Stop 1(0.6) 0

4 c.187C>T p.Arg63Cys 1(0.6) 0.01

5 C.839A>T p.Asp280Val 201.2) 0
MBL2 2 C.265G > A p.Gly89Ary“ 1(0.6) NA
SCNNIG 5 c.589G > A p.Glu197Lys 2.2 0

“Novel mutations identified in this study whose frequencies are not available (NA) in 1000
Genomes Project. All listed variants were found in the heterozygous status.

Table 2. Mutation frequency in genes encoding proteins involved in calcium signaling
pathways and zymoyen granules exocytosis.

Pancreatitis
(162 alleles) 1000 Genomes

Gene Exon/Intron Mutation Protein N and (%) (%)
PIK3CG 2 c.1325C > A p.Serdd2Tyr 12 (7.4) 0.116
ATP2C2 8 c.661G>T p.Gly221Trp 1(0.6) 0.001

18 c.1754C > A p.Ala585GIu® 1(0.6) NA

21 c.2000C >T p.Alab67Vval® 1(0.6) NA

24 c.2389C >T p.Arg797Trp 2.2 0.004
ITPR3 3 c.4014T > A p.Asp1338GIu 2(1.2) 0.001
IVS14 c.1551+4C>T / 1(0.6) 0.002
TRPV5 13 c.1687G > A p.Ala563Thr 3.9 0.072
DMBT] 52 c.6814C>T1 p.Arg2272Cys 1(0.6) 0

22 c.2416C>T p.Arg806Trp 3.9 0
STIM1 10 c.1310G > A p.Cys437Tyr® 10.6) NA

13 c.1589G > A p.Arg530His 1(0.6) 0

13 C.2246G > A p.Arg749His 1(0.6) 0
TRPV6 7 c.776T>A p.Leu259GIn 1(0.6) 0.001

12 c.1490T > C p.Metd97Thr® 1(0.6) NA

13 c.1391G > A p.Glus35Lys® 1(0.6) NA
PRKCD 16 c.1501G > T p.Gly501Trp° 1(0.6) NA
TRPC3 8 c.2185_2185delG  p.Val729Stop® 1(0.6) NA
TRPV'1 16 c.2238C >T p.Asp746 = 1(0.6) 0.006
GP2 3 c.206T>C p.Lys69Pro 1(0.6) 0

°Novel mutations identified in this study whose frequencies are not available (NA) in

1000 Genomes Project. All listed variants were found in the heterozyyous status.

two mutations in cis on the same allele).
As detailed in Table 1 (A), mutations
were detected in all the genes encoding
proteins potentially involved in premature

intrapancreatic activation of trypsin:

37 missense (19 in CFTR, 1 in SPINK1, 4
in PRSS1, 4 in PRSS2, 3 in CTRC, 2 each
in CASR, CTSB and KRTS); 5 splicing
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variants (3 in CFTR and 2 in PRSS1); 1
large deletion, 1 small deletion, 1 synony-
mous (CFTR) and 2 nonsense (1 in CFTR
and 1 in PRSS2).

Table 1 (B) reports the mutations
found in CF modifier genes. Only four
genes carried mutations: five missense
(one in MBL2, two in SERPINA1, one
each in TNFRSF1A and SCNN1G) and
one nonsense (SERPINAT).

As shown in Table 2, 10 genes en-
coding proteins involved in calcium
signaling pathways and ZG exocytosis
showed 16 missense mutations (four in
ATP2C2, three in STIM1 and TRPVG,
two in DMBT1 and one each in TRPV5
ITPR3, PRKCD and GP2), one nonsense
(TRPC3), one synonymous (TRPV1) and
one splicing variant (ITPR3).

In the pancreatic secretion and ion
homeostasis pathway genes (Table 3 (A)),
we recognized 16 missense mutations:
one each in CLPS, F2RL1, SLC4A2 and
RAP27B; two each in CPB1, SLC4A4 and
SLC26A3 and six each in TMPRSS15 and
one nonsense mutation in PPY and CPB1.

In the autophagy pathway
(Table 3 (B)), we detected three mis-
sense mutations in three different genes:
HSP90AA1, LAMP2 and MAP1LC3B.

Finally, among the autoimmune
pancreatitis-related genes, we identified
three missense mutations in two genes:
two mutations in CA4 and one mutation
in ABCF1 (Table 3 (C)).

Of the 80 patients, 64 (80%) included in
the study showed one or more mutations,
which are described in detail here. Seven
patients were positive for two CFTR mu-
tations and were diagnosed as having
CFTR-related disorder. Among these
seven patients, two had mutations both
in genes encoding proteins potentially
involved in premature intrapancreatic
activation of trypsin and in genes of the
other pancreatic pathways, three had only
genetic variants of the latter and two had
CFTR mutations alone. Furthermore, 25
patients were heterozygous for a single
CFTR mutation even though four cases
had a complex allele (i.e., two mutations
in cis). Of these 25 patients, eight had only
one CFTR mutation, two had mutations
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Table 3. Mutation frequency in yenes encoding proteins involved in (A) pancreatic secretion
and ion homeostasis, (B) autophagy and (C) autoimmune pancreatitis-related genes.

Pancreatitis
(162 alleles) 1000 Genome
Gene Exon/Intron Mutation Protein N and (%) (%)
(A) Pancreatic secretion and ion homeostasis

TMPRSS15 14 c.1622A>G  p.Asnb41Ser 20.2) 0

14 c.1633A>T p.Serb45Cys 1(0.6) 0.055

16 c.1858G >C  p.Aspb20His® 1(0.6) NA

21 C.2483A>G  p.Tyr828Cys 1(0.6) 0.004

23 c.2738C>T p.Ala913Val 1(0.6) 0.049

25 c.2960G >A  p.Gly987Asp® 1(0.6) NA
SLC26A3 19 c.2169G >C  p.Lys723Asn 1(0.6) 0.001

16 c.1711G>A  p.Arg57THis® 1(0.6) NA
SLC4A4 9 C.976A > G p.lle326Val® 1(0.6) NA

18 c.2179C >T p.Pro727Ser 3.9 0
CPB1 6 c.559C >T p.GIn187Ter 10.6) 0.001

11 c.1246C >T p.Arg395Trp® 1(0.6) NA

1 c.1207C>G  p.Leud03Val 10.6) 0
F2RL1 2 c.734C >T p.Ser245Phe 1(0.6) 0
SLC4A2 10 c.1412G>A  p.Glyd71GIu” 1(0.6) NA
RAB27B 4 c.274G > A p.Ala92Thr 1(0.6) 0.002
PPY 3 C.236G > A p.Trp79Stop® 10.6) NA
CLPS 4 c.203G > A p.Arg68His 10.6) 0

(B) Autophayy
HSPP0AAT 6 C.1202A>T p.Lys401Met 1(0.6) 0.001
LAMP2 6 c.785T>G p.lle252Ser 10.6) 0
MAPILC3B 2 c.73G6>C p.Glu25GIn 1(0.6) 0.003
(C) Autoimmune pancreatitis-related yenes

CA4 8 c.761A>C p.GIn254Pro 1(0.6) 0

8 c.923C > A p.Ala308Asp 1(0.6) 0.001
ABCF1 16 c.1564G > A p.Asp552Asn® 1(0.6) NA

°Novel mutations identified in this study whose frequencies are not available (NA) in
1000 Genomes Project. All listed variants were found in the heterozygous status.

also of PRSS2 or SPINK1 and four had
mutations both in genes encoding pro-

Of the remaining 36 cases, 20 presented
mutations in at least one gene of the
teins potentially involved in premature other pancreatic pathways of the panel
and, finally, 16 (20%) of the 80 ICP

patients had no mutations (Table 5).

intrapancreatic activation of trypsin and
in genes of the other pancreatic pathways,
while 11 patients showed a CFTR mu-

tation and only variants in genes of the DISCUSSION

other pancreatic pathways (Table 4).

Of the 48 cases negative to CFTR
mutations, 12 had at least one mutation
in genes encoding proteins potentially
involved in premature intrapancreatic
activation of trypsin (eight of them had
also at least one mutation in genes of the
other pancreatic pathways) (Table 4).

About 80% of patients with ICP show
potentially pathogenic variants in one
or more of 34 different genes belonging
to different pathways described in the
pathogenesis of pancreatitis. The most
relevant mechanism of the disease is
the premature intrapancreatic activa-
tion of trypsin. Other pathways, such as

304 | SOFIA ET AL. | MOL MED 22:300-309, 2016

the activation and release of pancreatic
ZG and autophagy, contribute to the
development of the disease.

The role of genes encoding proteins
involved in the premature intrapancre-
atic activation of trypsin (CFTR, PRSS1,
PRSS2, SPINK1, CTRC, CTSB, KRT8 and
CASR) in the pathogenesis of pancre-
atitis has been studied extensively. We
found mutations in at least one of these
genes in 44 out of 80 patients (55%) as
shown in Figure 1. Among such genes,
CFTR is the most represented. In fact,
32 (40%) of the 80 patients have CFTR
mutations (Table 4), and this agrees
with the percentage of 39% reported by
Masson et al. (27), who studied a cohort
of 253 young patients with ICP. In our
series, seven patients were compound
heterozygous for two CFTR mutations.
None of them met the diagnostic criteria
of CF, while all of them were diagnosed
as having CFTR-related disorder, defined
as having at least one mild CFTR muta-
tion, borderline sweat test or CP as lone
symptom. Twenty-five patients were
heterozygous for a CFTR mutation. Of
note, 10 of the 32 patients present only
mutations in CFTR, while the remain-
ing 22 patients have one or two CFTR
mutations in addition to variants in
genes encoding proteins involved in the
premature intrapancreatic activation of
trypsin and in other pancreatic pathway.
In particular, among the 25 heterozy-
gous cases for CFTR mutations, only
two patients have a variant in PRSS1 or
SPINK1, while four of them have vari-
ants also in genes belonging to the other
pancreatic pathways. Based on this data,
we suggest that in most patients with
CFTR mutations, other genes may act as
modulators, increasing the risk for CP.
Therefore, unlike current opinions, CFTR
mutations alone, particularly in hetero-
zygosity, do not significantly increase the
risk for CP. Moreover, only 12 patients
have at least one mutation in genes
encoding proteins potentially involved
in premature intrapancreatic activation
of trypsin, but not in CFTR. This data
suggest that such genes, initially related
to HP, also have a relevant role as risk
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Table 4. List of patients with mutations in CFTR yene and variants in yenes involved in the intrapancreatic activation of trypsin and of the
other pancreatic pathways.

Patient CFIR KRT8 PRSS1 PRSS2 CTRC SPINK1 CASR CTSB Other genes mutated
7 F508del/D1152H° T230I TRPV5, SLC4A4, PIK3CG
24 G91G/F508del” V253 MAPILC3B, PRKCD
62 K68N/2752-15C > G° MBL2, SLC4A4

17 CFTRdele2(ins182)/D579G SCNNI1G, SLC26A3
67 Y849X/D1152H TRPV6

36 F508del/D1152H

54 P5L/N1303K*

6 (R74W:D1270N)° G434S D153H N246T CLPS, TMPRSS15, CPB1
35 (G576A:R668C)° C139F STIM1, TRPV'1, TMPRSS 15
13 (G576A:R668C)P

52 (G576A:R668C)P

25 S158T GI191R

37 D110H N84K PIK3CG

46 S1235R Po4L PIK3CG

61 V938G P55S

1 2789 + 5G > A STIM1

11 621+3A>G SLC26A3

26 GT1069R TRPV6, DMBT1

32 2752-15C > G ATP2C2, PIK3CG
49 2752-15C > G CA4

65 2752-15C > G ITPR3, TMPRSS15

53 F1052Vv TMPRSS15, ATP2C2
63 R75Q ATP2C2

77 L997F TGFBI, TRPV6

45 SQ77F MBL2

68 L997F DMBTI

50 S1235R

28 2752-15C > G

10 621 +3A>G

15 R31C

16 R31C

34 R31C

4 L104P TRPV'1

29 C139F TRPV5

51 A163T SLC4A4

55 R1000G LAMP2, SLC4A2

59 H429Y TMPRSS15

71 K172E RAB27B, SERPINA1
79 P55S

20 54348 TNFRSFI1A

69 R122H E225A

9 C171X

72 R122H DMBTI

42 V380l

“Compound heterozyyous mutations.
PComplex alleles.

factors for ICP. In fact, mutations in respectively) (58), SPINK1, PRSS1 and
CTRC mutations alone or combined were
identified in about 24% of 253 young
French ICP patients, and CTRC muta-

tions that reduce the protective role of

the CTRC protein toward trypsin deg-
radation were considered a risk factor
for CP in other studies (59,60). Similarly,
CASR mutations (even if different from
those recorded in two patients from this

some of these genes were previously
found in patients with ICP (e.g., SPINK1
and PRSSI mutations were found in
57% and 9% of 75 ICP Chinese patients,
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Table 5. List of patients with heterozygous
variants only in genes involved in all other
pancreatic pathways (3-6).

Patient Other genes mutated

81 TNFRSFI1A, TMPRSS15,
HSPPOAAT

3:12; 18; 66° TMPRSS15

14 ATP2C2

21 STIM1, CA4

30; 31 ITPR3, TMIPRSS15

39 ABCF1

41 ATP2C2, DMBTI

44 CPB1

60 GP2

64 CPBI1, SCNN1G

70 SLC4A4

73 TRPC3

74 TGFBI

48 ATP2C2

80 PPY

78 SLC26A3, TRPVS, F2RL1

“Patients present different mutations in
TMPRSS15 gene.

study) were considered a risk factor for
ICP (61): this risk increased further if it
was associated with SPINKI mutations
(62), and the same has been confirmed
for KRT8 mutations detected in four
patients. Mutations were found in CTSB
in two patients, all of them with CFTR
mutations. Therefore, such genes, pre-
viously related to tropical calcific pan-
creatitis (18), may also act as adjunctive
risk factors for ICP. Of note, nine of

the 12 patients with mutations in genes
encoding proteins potentially involved
in premature intrapancreatic activation
of trypsin also have variants in genes of
other pancreatic pathways related to the

FIRSTSTEP:

screening for genes

release of ZG and autophagy, thus sug-
gesting a role of these latter as adjunctive
risk factors for ICP.

Finally, 36 patients were negative to
mutations in genes encoding proteins
potentially involved in premature intra-
pancreatic activation of trypsin. Among
these patients, only 20 have variants
in at least one of the genes of the other
pancreatic pathway panel (Table 5) and
16 were without mutation (Figure 1).
Therefore, we suppose that other genes
can be involved in contributing to onset
of pancreatitis. A total of 23 patients
have variants in genes encoding proteins
of pancreatic secretion and ion homeo-
stasis (PPY, F2RL1, TMPRSS15, SLC4A2,
SLC4A4, SLC26A3, CPB1 and CLPS).
The pancreatic polypeptide (PPY) is an
important regulator of both exocrine and
endocrine secretions of the pancreas and
inhibits the juice pancreatic secretion
that contains all the digestive enzymes,
including colipase (CLPS) and procar-
boxypeptidase B1 (CPB1). In both acute
and chronic pancreatitis, changes in the
plasma concentration of PPY and its
regulation have been reported, but the
clinical value remains to be elucidated.
In acute pancreatitis, inappropriate and
premature activation of trypsin from
trypsinogen within the acinar cell leads
to autodigestion of the pancreas. The
conversion of the proenzyme is due to
enterokinase (encoded by TMPRSS15).
Mutations in this gene cause enter-
okinase deficiency, a malabsorption
disorder characterized by diarrhea and
failure to thrive (33). In the duodenum,
trypsin activates the protease-activated

80 patients

[ aaposives(es%) |[soNegaives %) |

(CFTR- SPINK1- PRSS1- PRSS2- CTRC— CASR- CTSB- KRT8) \ ! l j

SECOND STEP : sequencing screening for Pancreatic Pathways

panel
- cystic fibrosis modifier genes
- pancreatic secretion and ion homeostasis
- Calcium (Ca2+) signaling and zymogen granule exocytosis
- autophagy
- autoimmune pancreatitis related genes

28 Positives

16 Negatives || 20 Positives || 16 Negatives

—

64 Positives (80%) 16 Negatives (20%)

Figure 1. Flowchart of the results of molecular analysis in 80 patients affected by

recurrent/chronic pancredatitis.
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receptor 2 (PAR2, encoded by F2RL1)
that modulates acinar cell secretion of
digestive enzymes and the duct cell ion
channel function. Experimental animal
model demonstrated that PAR2 has
a protective role against the damaging
effects of intrapancreatic trypsinogen
activation in acute pancreatitis (34).
The exocrine function of the pancreas is
carried out also by pancreatic duct cells
that secrete fluid and ions (mainly Na+
and HCO®), to neutralize the gastric
acid contents of the duodenum. Sev-
eral channels and specific transporters,
including CFTR, SLC26A3, SLC4A2 and
SLC4A4, are crucial to maintaining the
ion homeostasis that is essential, as pan-
creatic fluid in predisposed individuals
may be lithogenic, leading to a protein
plug and stone formation. Moreover,
HCO® and H+ are produced by a car-
bonic anhydrase, such as CA4, from
CO, derived from the blood. The CA4
subfamily F member 1 (ABCF1) as well
as the ATP-binding cassette have been
reported to be antigens in the autoim-
mune pancreatitis that represents the
2%—4% of cases of CP (48,49) and two
patients present a variant in one of these
two genes.

We also found variants in genes
encoding proteins involved in cal-
cium (Ca*") signaling and ZG exocy-
tosis (ITPR3, STIM1, TRPC3, ATP2C2,
PIK3CG, PRKCD, TRPV1, TRPVS,
TRPV6, GP2, RAB27B and DMBT) in
a total of 26 patients. In pancreatitis,
the excess of intracellular Ca®* concen-
tration triggers an early activation of
trypsin within the ZG that digests the
acinar cells and destroys the parenchy-
mal tissue. The hyperstimulation of the
cholecystokinin (CCK) receptors with
the analogue cerulein modifies vesicular
transport and leads to intracellular pro-
teolytic enzyme activation and ultimately
cell death (38). The CCK triggers the
release of Ca** in the cytoplasm from
the endoplasmic reticulum and internal
stores via IP3 receptor activation, princi-
pally ITPR2 and ITPR3. The equilibrium
between intracellular and extracellular
Ca* levels and the Ca?* stored in the



endoplasmic reticulum is crucial for the
acinar cell and is regulated by several
proteins and channels, including STIM1,
TRPC3, TRPC6 and ATP2C2. Intracellu-
lar Ca** also activates the protein kinase
C (PKC) isoform delta (PRKCD) that
triggers ZG activation and secretion in
acinar cells and mediates bicarbonate
(HCO?) secretion in duct pancreatic
cells. Other important proteins for gran-
ule secretion are localized in the ZG
membrane, including the glycoprotein
GP2 and RAB27B. They regulate the
intracellular vesicular trafficking and
Ca*"-mediated exocytosis. Moreover,
the muclin protein (DMBT1, deleted
in malignant brain tumors 1) interacts
with pancreatic ZG in a pH-dependent
manner and may act as a Golgi cargo
receptor in the regulated secretory
pathway of the pancreatic acinar cell.
In muclin-deficient mice, the trafficking
fundamental for exocrine pancreatic
function was impaired (41).

Moreover, Gukovskaya and
Gukovsky used PI3Ky-deficient mice
to investigate the role of PI3K in
CCK-induced responses in isolated
pancreatic acinar cells, and they ob-
served a decrease in the CCK-induced
calcium response in pancreatic acini by
inhibiting both intracellular calcium
mobilization and calcium influx (42).
Other authors showed that the ablation
of PIBKCG can also reduce the sever-
ity of acute pancreatitis by blocking
neutrophil infiltration within the pan-
creatic tissue at an early stage of the
disease, thus suggesting a double role
for IP3KCG (40). The severity of pan-
creatitis is also due to the generation
of proinflammatory mediators such as
substance P that activates PKC (34) and
is released by primary sensory neurons
via depolarization mediated by acti-
vation of transient receptor potential
vanilloid (TRPV1, TRPV5 and TRPV6).

Finally, we found variants in genes
encoding proteins involved in autoph-
agy (LAMP2 and MAPILC3B) in a total
of three patients. In acute pancreatitis,
the autophagy is impaired due to dif-
ferent mechanisms described by several

studies in experimental models (42). In
LAMP2-null mice, the lysosomal/auto-
phagic dysfunction causes spontaneous
pancreatitis manifested by acinar cell
vacuolation, progressive inflammatory
infiltration in the pancreas and acinar cell
necrosis. The defective decreased auto-
phagosome-lysosome fusion may create
a large pool of autophagosomes, which
may contribute to causing the disease
(42—44). This process requires numerous
proteins and their interactions, including
microtubule-associated protein 1A /1B-
light chain 3 (MAPLC3 or LC3) (44). The
accumulation of large vacuoles is also ac-
companied by increased pancreatic lev-
els of LC3-II in experimental models of
pancreatitis. Of note, SPINK1 is strongly
elevated in pancreatitis and the elevation
correlates with the severity of disease. In
addition, mutations in the SPINK1 gene
were associated to CP. A recent study
also demonstrated the role of SPINK1

as a negative regulator of autophagy in
mice-deficient SPINK3 (a mouse homo-
logue gene of human SPINKT1) (47).

On the other hand, 38 patients had
mutations in two or more genes of
different pathways. Previous studies on
these genes are not available and the
influence of such genes should be further
evaluated. The importance of digenic
genotypes or trans-heterozygosity (two
pathogenic genotypes in two different
genes) has been clearly evidenced for
ICP patients in two large series (39).
Depending on the gene and type of se-
quence variation, digenic genotypes have
been considered able in some instances
to explain how the disease developed.
Considering the large and innovative
panel of genes that we selected to
investigate pancreatitis and the poor
data reported in literature, our conclu-
sions on this point may be only specu-
lative. However, we can hypothesize
that (i) mutations in such genes could
reasonably be considered pathogenic
as the sequence variations found in ICP
patients had not been identified in 100
control alleles from our study, they have
a low frequency (if any) in subjects from
the general population studied within
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the 1000 Genomes Project, and they have
been predicted in silico to have an impact
on protein function; (ii) all these genes
encode proteins involved in pancreatic
enzyme activation and release through
different pathways that may interact and
contribute all together to the pathogene-
sis of the disease and (iii) in 38 patients,
mutations in two different genes may
combine their effect.

CONCLUSION

A limit of this study is that it is diffi-
cult to define clear pathogenic relation-
ships between ICP and mutations found
in genes of the pancreatic pathway panel
in the absence of a functional analysis
on the effect of each mutation. However,
we selected a group of genes that may
potentially contribute to enhancing the
risk for ICP, calling for future studies
that will elucidate such a relationship. In
any case, this is the first study in which
a large series of genes potentially related
to pancreatic secretion pathways were
studied in patients with ICP without a
family history. Our data suggest that
a genetic predisposition may exist in
most patients (i.e., 80%), but the genes
potentially involved are strongly hetero-
geneous (up to 34 different genes bear
mutations in the 64 patients) and, in most
patients, mutations in different genes (up
to 7 in 1 case) may interact in contribut-
ing to the onset of the ICP phenotype.
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