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Fig. 6
Logisitic Regression, Additive Model. Stage 1 Only

15
{

~jog 16{FP~value)
10
i

Chromosome



U.S. Patent Jan. 8, 2019 Sheet 7 of 14 US 10,174,377 B2

Fig. 7

oy, a

Sample Quantilss

Theoretical Quantiles



US 10,174,377 B2

Sheet 8 of 14

Jan. 8, 2019

U.S. Patent

Fig. 8

Stage 2 Only

N

Logisitic Regression, Additive Model

(anjea-d)o L Bol-

Chromosome



U.S. Patent Jan. 8, 2019 Sheet 9 of 14 US 10,174,377 B2

Fig. 9
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METHOD FOR DIAGNOSING AND
ASSESSING RISK OF PANCREATITIS USING
GENETIC VARIANTS

PRIORITY CLAIM

This application is a continuation of International Patent
Application Serial No. PCT/US13/069676, filed Nov. 12,
2013 and claims priority to U.S. Provisional Application Ser.
No. 61/724,568, filed Nov. 9, 2012, the contents of both of
which are incorporated by reference in their entireties
herein.

GRANT INFORMATION

This invention was made with government support under
Grant No. DK061451, awarded by the National Institutes of
Health (NIH). The government has certain rights in the
invention.

SEQUENCE LISTING

The instant application contains a Sequence Listing which
has been submitted electronically in ASCII format and is
hereby incorporated by reference in its entirety. Said ASCII

copy, created on Jul. 21, 2015, is named
072396.0596_SL.txt and is 1,213 bytes in size.
BACKGROUND

Chronic inflammation is a variable and unpredictable
complication of tissue injury or stress in humans. Chronic
inflammation of the pancreas leads to irreversible destruc-
tion, known as chronic pancreatitis. Pancreatitis is a com-
plex, progressively destructive inflammatory disorder.
Inflammatory changes of the pancreas involving some or all
of the following: fibrosis, calcification, pancreatic ductal
inflammation, and pancreatic stone formation. Alcohol was
long thought to be the primary causative agent, but genetic
contributions have been of interest since the discovery that
rare PRSS1, CFTR, and SPINK1 variants were associated
with pancreatitis risk.

SUMMARY OF THE APPLICATION

The present application provides for methods for predict-
ing the risk of developing, or the presence of, recurrent acute
pancreatitis and/or chronic pancreatitis, in a subject, by
identifying the presence of an rs12688220 T allele, an
rs7057398 T allele, and/or an rs10273639 C allele in a
sample from the subject.

In certain embodiments, the methods for predicting the
risk of developing, or the presence of, recurrent acute
pancreatitis and/or chronic pancreatitis, in the subject com-
prise testing a sample from the subject for the presence of
the rs12688220 T allele, the rs7057398 T allele, and/or the
rs10273639 C allele, wherein the testing step comprises a
nucleic acid detection assay selected from the group con-
sisting of polymerase chain reaction, quantitative poly-
merase chain reaction, nucleic acid sequencing, and nucleic
acid microarray analysis.

In certain embodiments, the methods of the present appli-
cation further comprise administering one or more treat-
ments for pancreatitis to the subject when the rs12688220 T
allele, the rs7057398 T allele, and/or the rs10273639 C allele
is detected in the sample from the subject.
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In certain embodiments, the application provides for
methods of treating or preventing pancreatitis in a subject in
need thereof comprising testing a sample from the subject
for the presence of the rs12688220 T allele, the rs7057398
T allele, and/or the rs10273639 C allele, wherein the testing
step comprises a nucleic acid detection assay selected from
the group consisting of polymerase chain reaction, quanti-
tative polymerase chain reaction, nucleic acid sequencing,
and nucleic acid microarray analysis, and administering a
treatment for pancreatitis to the subject if the rs12688220 T
allele, the rs7057398 T allele, and/or the rs10273639 C allele
is detected in the sample.

DESCRIPTION OF THE FIGURES

FIG. 1. Manhattan plot showing the negative log (base 10)
of the p-value for the association of SNP genotype with
affection status for all SNPs passing quality control filters
and falling within a selected region of the PRSS1-PRSS2
and CLDN2 loci. Regions selected to highlight the most
associated SNPs. Squares indicate Stage 1 results, circles for
Stage 2, diamonds for combined Stage 1 and 2 data. After
accounting for the most highly associated SNP at each locus,
no other SNP approached genomewide-significant associa-
tion.

FIG. 2. Expression and localization of claudin-2 in the
human pancreas using mouse anti-claudin-2 antibodies
based on rs12688220 genotype. A. Western blot of anti-
claudin-2 antibody from 3 control samples genotyped at
rs12688220 (TT is high risk). The antibody reacts with a
protein at ~22-23 kDa, consistent with claudin-2. Samples
had inflammation and/or fibrosis on histology of adjacent
tissue. a-tubulin, loading control. Blots from all controls are
presented in FIG. 10. B. Anti-claudin-2 staining (brown
color) of normal-appearing control tissue localizing to ducts
but not to acinar cells (scale bar=50 pum). C. Severe chronic
pancreatitis from a case with the high-risk (T male or TT
female) genotype. Claudin-2 staining localizes to the intral-
obular duct (Duct), atrophic acini (*), and cells with mor-
phologic appearance of macrophages (arrow)(scale bar=50
um). D. Chronic pancreatitis tissue from a patient with the
low-risk genotype (CC or CT) with staining localizing to the
duct and granular staining in acinar cells (scale bar=100
um). E. Chronic pancreatitis, high-risk genotype with
intense staining of acinar cell basolateral membrane (scale
bar=100 pum, enlarged in inset, scale bar=10 m). F. Immu-
nofluorescence staining of control human pancreatic tissue
claudin-2 staining (red) localizing to the ducts (*) and
co-localizing with the macrophage marker CD68 (green,
colocalized with red is yellow, arrows. Nuclei stained with
Hoechst’s dye, blue, scale bar=100 um).

FIG. 3. Model of a pancreatic acinus illustrating pancre-
atic zymogen secretion from the acinar cells into the ducts,
the relationship between acinar and duct cells, and the
secretory pathway of the zymogens (digestive pro-en-
zymes), including trypsinogen to the duodenum, where they
are activated. At least five genes have been identified as risk
factors for chronic pancreatitis (CP) and replicated in mul-
tiple populations®>. Gain-of-function mutations in the cat-
ionic trypsinogen gene (PRSS1) (e.g., p.N291, p.R122H)
cause hereditary pancreatitis®, an autosomal dominant form
of CP that begins with RAP and progresses to CP. Cationic
and anionic trypsin are the master enzymes of the pancreas
in that they regulate activation of the other pancreatic
digestive zymogens following their own activation by enter-
okinase (EK) in the duodenum. Premature trypsin activation
in the acinar cell or duct leads to zymogen activation, injury,
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and pancreatitis. Failure to inactivate trypsin directly
(SPINK1 mutations, CTRC mutations); to control calcium
concentrations in the acinar cell (calcium regulation) or duct
(CASR mutations) and thus enhance trypsin activation and
survival; or to flush trypsin out of the pancreatic ducts
(CFTR mutations) all increase the risk of developing pan-
creatitis. CA=centroacinar cells, a type of duct cell. Clau-
din-2 is normally expressed between duct cells, but abnor-
mal localization may occur in association with a CLDN2
risk allele (described in the text) during pancreatic inflam-
mation. For further discussion, see Example 1, “Protein-
protein and system-based interactions among genes with
variants associated with recurrent acute and chronic pan-
creatitis.”

FIG. 4. Results from genetic ancestry analysis for chronic
pancreatitis cases. dacGem (http://arxiv.org/abs/1104.1162)
was used to convert multi-locus genotypes to ancestry
dimension, expressed as eigenvectors. The decomposition
resulted in a single significant dimension representing ances-
try. Letters indicate ancestrally homogeneous clusters; of
these clusters A and B are taken to represent a relatively
homogeneous European ancestry. Note there was only one
significant dimension of ancestry identified, although two
are shown here.

FIG. 5. Results from genetic ancestry analysis for chronic
pancreatitis cases and ADGC controls. dacGem (http://
arxiv.org/abs/1104.1162) was used to convert multi-locus
genotypes to ancestry dimension, expressed as eigenvectors.
The decomposition resulted in a single significant dimension
representing ancestry. Red symbols are cases, blue symbols
are controls. Note there was only one significant dimension
of ancestry identified, although two are shown here.

FIG. 6. Manhattan plot showing the negative log (base 10)
of the p-value for association of SNP genotype with affec-
tion status (chronic pancreatitis versus control) for all SNPs
passing quality control filters in Stage 1. Note the horizontal
line at 5x107%, which denotes an accepted significance
threshold for genome-wide association. SNPs in interval
Xq23.3 (CLDN2 locus) cross this threshold, as does a SNPs
in 7934 (PRSS1-PRS S2 locus).

FIG. 7. Quantile-Quantile or Q-Q plot of association test
statistics. Genomic inflation factor A=1.06. If there were no
difference between the observed distribution and that
expected under the null hypothesis (no association), all
points would fall on the line (X=Y).

FIG. 8. Manhattan plot showing the negative log (base 10)
of the p-value for association of SNP genotype with affec-
tion status (chronic pancreatitis and recurrent acute pancrea-
titis versus control) for all SNPs passing quality control
filters in Stage 2. Note the horizontal line at 5x10~%, which
denotes an accepted significance threshold for genome-wide
association. Genomic inflation factor A=1.09.

FIG. 9. Manhattan plot showing the negative log (base 10)
of the p-value for association of SNP genotype with affec-
tion status (chronic pancreatitis and recurrent acute pancrea-
titis versus control) for all SNPs passing quality control
filters in the combined data from Stages 1 and 2. Note the
horizontal line at 5x10~%, which denotes an accepted sig-
nificance threshold for genome-wide association. SNPs in
interval Xq23.3 (CLDN2 locus) cross this threshold, as does
a SNP in 7q34 (PRSS1-PRSS2 locus). Genomic inflation
factor A=1.13.

FIG. 10. SNP genotype clusters for SNPs having p-val-
ues<5x1077 (as calculated by Plink) for the combined Stage
1 and 2 data. Green (triangles) and blue (squares) indicate
called homozygotes, black (circles) called heterozygotes,
and red (x in square) is non-called (missing) genotypes.
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Only SNPs having acceptable quality for genotype calls are
shown. Note that rs10273639 (PRSS1-PRSS2 locus) and
rs12688220 (CLDN2 locus) are the most highly associated
SNPs for their respective loci.

FIG. 11. Relative expression of CLDN2, CLDN4, CTRC,
and MORC4 in control tissues. Surgical waste from grossly
normal pancreas was collected and divided for histological,
protein, and RNA studies. Relative expression of cDNA was
analyzed with quantitative PCR using S18 RNA for normal-
ization. Normal, average expression of 6 control samples
with normal-appearing histology; CLDN2 genotyped as
homozygous for rs12688220 A (control sample 16); 40%
chronic pancreatitis (CP) on histological evaluation (control
sample 13); and 33% islets on histological evaluation (con-
trol sample 1). Expression of CLDN2 appears to increase
and CLLDN4 to decrease with the high-risk CLDN2 genotype
and in inflammation and islets, as expected'®!-**, CTRC is
used as a marker of acinar cell gene expression, and MORC4
is another candidate gene within the CLDN2 locus. MORC4
expression does not correlate with CLDN2 expression or
tissue histology.

FIG. 12. Control pancreatic tissue Western blot. Effect of
histology and rs12688220 genotype on claudin-2 expres-
sion. Top panel. Western blot of 19 control samples for
claudin-2, a-tubulin (loading control), and claudin-4 (com-
parison molecule). Blue box outlines the samples used in the
text (FIG. 3A). Claudin-2 is up-regulated and claudin-4
down-regulated by inflammation in gallbladder'®; this gen-
eral pattern is confirmed in the pancreas. Claudin-2 is also
expressed in islets, which were abundant in sample 1.
Bottom panel. Details of the histological evaluation of the
tissue adjacent to the sample used in the Western blot,
organized by rs12688220 genotype. Cldn-2 and Cldn-4 are
qualitative indicators of the density of staining in the top
panel, to assist in review. The pattern is consistent with
claudin-2 immunohistochemistry, which demonstrates
strong up-regulation during inflammation (FIG. 2 B non-
inflamed versus C-E inflamed).

DETAILED DESCRIPTION

The present disclosure is based, at least in part, on the
discovery of alleles within the CLDN2 locus and the
PRSS1-PRSS2 locus that are associated with recurrent acute
pancreatitis and/or chronic pancreatitis.

In particular, subjects with a particular genetic signature
on chromosome X, identified as the CLDN2 locus, have a
higher risk of developing chronic pancreatitis than subjects
who do not have this high-risk locus. These high risk alleles
in the CLDN2 locus are defined by the rs12688220 T allele
and the rs7057398 T allele, and polymorphisms in linkage
disequilibrium with these alleles.

In certain embodiments, the rs12688220 C allele is a
human allele, and comprises the human nucleic acid
sequence TTTACCCCCAT (SEQ ID NO: 1), wherein the
rs12688220 C allele SNP is in bold and underlined text. In
alternative embodiments, an alternative allele at this posi-
tion, rather than C, is T, as in SEQ ID NO:2.

In certain embodiments, the rs12688220 T allele is a
human allele, and comprises the human nucleic acid
sequence TTTACTCCCAT (SEQ ID NO:2), wherein the
rs12688220 T allele SNP is in bold and underlined text. In
alternative embodiments, an alternative allele at this posi-
tion, rather than T, is C, as in SEQ ID NO: 1.

In certain embodiments, the rs7057398 T allele is a
human allele, and comprises the human nucleic acid
sequence GCCTCTAGAAA (SEQ ID NO:3), wherein the
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rs7057398 T allele SNP is in bold and underlined text. In
alternative embodiments, an alternative allele at this posi-
tion, rather than T, is C, as in SEQ ID NO:4.

In certain embodiments, the rs7057398 C allele is a
human allele, and comprises the human nucleic acid
sequence GCCTCCAGAAA (SEQ ID NO:4), wherein the
rs7057398 C allele SNP is in bold and underlined text. In
alternative embodiments, an alternative allele at this posi-
tion, rather than C, is T, as in SEQ ID NO:3.

Similarly, subjects with a particular genetic signature on
chromosome 7, identified as the PRSS1-PRSS2 locus, have
a higher risk of developing recurrent acute pancreatitis and
chronic pancreatitis than subjects who do not have this
high-risk locus. This high risk allele in the PRSS1-PRSS2
locus is defined by the rs10273639 C allele, and polymor-
phisms in linkage disequilibrium with this allele. Con-
versely, the presence of the minor T allele at this locus
confers lower risk.

In certain embodiments, the rs10273639 C allele is a
human allele, and comprises the human nucleic acid
sequence ACCAACGCTTG (SEQ ID NO:5), wherein the
rs10273639 C allele SNP is in bold and underlined text. In
alternative embodiments, an alternative allele at this posi-
tion, rather than C, is T, as in SEQ ID NO:6.

In certain embodiments, the rs10273639 T allele is a
human allele, and comprises the human nucleic acid
sequence ACCAATGCTTG (SEQ ID NO:6), wherein the
rs10273639 T allele SNP is in bold and underlined text. In
alternative embodiments, an alternative allele at this posi-
tion, rather than T, is C, as in SEQ ID NO:5.

The risk for chronic pancreatitis is further increased in
subjects who drink alcohol, such that nearly half of all
subjects tested that have so-called alcoholic pancreatitis also
have both 1510273639 (PRSS1-PRSS2 locus) and
rs12688220 (CLDN2 locus) (see Table 3). This is the first
genetic variable to predict risk of progressive inflammation
in the pancreas, with higher risk in patients who drink
alcohol.

With respect to the CLDN2 locus, as it is an X chromo-
some marker, it has different risk in men than women, as
seen in chronic pancreatitis, sclerosing cholangitis, and
ulcerative colitis.

As described herein, subjects with the high risk CLDN2
locus have aberrant localization of the claudin-2 protein.
This protein is found in areas of destructive inflammation.
Furthermore, claudin-2 is present in human biliary duct,
small intestine, macrophages and neurons, suggesting that
these cells and tissues are at increased risk for abnormal
CLDN2 regulation and chronic inflammation. Therefore,
localization of claudin-2 can be predictive of chronic inflam-
mation, e.g., chronic pancreatitis.

As also described herein, rs10273639, which is present in
the 5' promoter region of PRSS1 (encoding for trypsinogen),
affects expression of PRSS1. In particular, expression levels
of PRSS1 were highest in homozygous subjects with two C
alleles at rs10273639, intermediate in heterozygotes, and
lowest in subjects with two T alleles at rs10273639. There-
fore, without being bound by theory, rs10273639 C appears
to increase expression of the trypsinogen enzyme which
increases risk for recurrent acute pancreatitis and chronic
pancreatitis.

The present disclosure provides methods for predicting
the risk of developing, or the presence of, recurrent acute
pancreatitis and/or chronic pancreatitis, in a subject, by
identifying the presence of one or more of the polymor-
phisms identified herein, or polymorphisms in linkage dis-
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equilibrium with these alleles (e.g., surrogate markers), in a
sample obtained from the subject.

In certain embodiments, the present disclosure provides
for methods for predicting the risk of developing, or the
presence of, recurrent acute pancreatitis and/or chronic
pancreatitis, in a subject, by identifying the presence of the
rs12688220 T allele, the rs7057398 T allele, and/or the
rs10273639 C allele, wherein the method comprises testing
a sample from the subject for the presence of the rs12688220
T allele, the rs7057398 T allele, and/or the rs10273639 C
allele, wherein the testing step comprises a nucleic acid
detection assay selected from the group consisting of poly-
merase chain reaction, quantitative polymerase chain reac-
tion, nucleic acid sequencing, and nucleic acid microarray
analysis.

In one embodiment, the presence of one or both of the
rs7057398 T allele or the rs12688220 T allele, or polymor-
phisms in linkage disequilibrium with one or both of alleles,
in a sample obtained from a subject, indicates that the
subject is at increased risk (relative to a subject lacking said
genotype) for developing, or is suffering from, chronic
pancreatitis.

In another embodiment, the presence of the rs10273639 C
allele, or polymorphisms in linkage disequilibrium with this
allele, in a sample obtained from a subject, indicates that the
subject is at increased risk (relative to a subject lacking said
genotype) for developing, or is suffering from, recurrent
acute pancreatitis or chronic pancreatitis.

The subject may be a human or non-human subject.
Examples of non-human subjects include dog, cat, rodent,
cow, sheep, pig, or horse, to name a few.

It may be particularly desirable to assess the genotype as
described herein in human subjects with a history of alcohol
abuse and/or pancreatitis.

If a diagnosis of pancreatitis is indicated based on the
methods disclosed herein, a healthcare provider can option-
ally take the further step of recommending and/or perform-
ing a further diagnostic test for pancreatitis. In one embodi-
ment, exemplary diagnostic tests for pancreatitis include
biochemical measurements, such as measurements for
abnormal levels of isoamylase, lipase, trypsin, elastase, or
secretin, quantitative measurement of fecal fat, measure-
ment of plasma cholecystokinin (CCK), tests for pancreatic
exocrine function, radiological testing such as plain abdomi-
nal film, transabdominal ultrasound, or CT scanning, mag-
netic resonance cholangiopancreatography (MRCP), or
endoscopic diagnosis, e.g., endoscopic retrograde cholang-
iopancreatography (ERCP) or endoscopic ultrasonography.

The present disclosure also provides methods for predict-
ing the risk of developing, or the presence of, recurrent acute
pancreatitis and/or chronic pancreatitis, in a sample obtained
from a subject, by identifying increased expression or activ-
ity of PRSS1, wherein increased expression or activity of
PRSSI indicates that the subject is at risk for developing, or
is suffering from, recurrent acute pancreatitis and/or chronic
pancreatitis.

In another aspect, the disclosure provides methods for
predicting the risk of developing, or the presence of, chronic
pancreatitis, by detecting aberrant localization of the clau-
din-2 protein in a subject, wherein aberrant localization
indicates that the subject is at risk for developing, or is
suffering from, chronic pancreatitis.

The present disclosure also provides methods for treating
or preventing pancreatitis by identifying a subject that is at
risk for developing, or is suffering from, recurrent acute
pancreatitis and/or chronic pancreatitis, based on the meth-
ods described herein, and subsequently treating the subject
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for pancreatitis, e.g., recurrent acute pancreatitis and/or
chronic pancreatitis. Treatment includes treating recurrent
acute pancreatitis and/or chronic pancreatitis or symptoms
thereof, or preventing recurrence or progression of recurrent
acute pancreatitis and/or chronic pancreatitis.

In one embodiment, treatment for acute pancreatitis or
chronic pancreatitis includes, for example, pain manage-
ment, abstinence from alcohol and cigarette smoking, cho-
lecystectomy, biliary sphincterotomy, endoscopic retrograde
cholangiopancreatography (ERCP), administration of intra-
venous fluids, nutritional support, antibiotics, carbapenems,
enzyme therapy, surgery, such as longitudinal pancreatico-
jejunostomy or pancreatoduodenectomy, distal pancreatec-
tomy, celiac nerve block, endoscopic therapy, and/or percu-
taneous drainage. Other known methods for treatment or
prevention of pancreatitis within the knowledge of the
healthcare provider, are included herein.

In certain embodiments, the application provides for
methods of treating or preventing pancreatitis in a subject in
need thereof comprising testing a sample from the subject
for the presence of the rs12688220 T allele, the rs7057398
T allele, and/or the rs10273639 C allele, wherein the testing
step comprises a nucleic acid detection assay selected from
the group consisting of polymerase chain reaction, quanti-
tative polymerase chain reaction, nucleic acid sequencing,
and nucleic acid microarray analysis, and administering a
treatment for pancreatitis to the subject if the rs12688220 T
allele, the rs7057398 T allele, and/or the rs10273639 C allele
is detected in the sample.

The present disclosure provides various methods of test-
ing for one or more polymorphism in the CLDN2 locus
and/or the PRSS1-PRSS2 locus, and polymorphisms in
linkage disequilibrium therewith. Numerous procedures for
determining the nucleotide sequence of a nucleic acid, or for
determining the presence of mutations in nucleic acids
include a nucleic acid amplification step, which can be
carried out by, e.g., polymerase chain reaction (PCR). In
other non-limiting embodiments, any method known may be
used for determining the nucleic acid sequence, such as, for
example, quantitative PCR, nucleic acid sequencing, and
nucleic acid microarray analysis. Accordingly, in one
embodiment, the invention provides primers for amplifying
a portion of an CLDN2 locus and/or a PRSS1-PRSS2 locus
comprising a polymorphic region of which specific allelic
variants are associated with pancreatitis. In a preferred
embodiment, the portion of the CLDN2 locus and/or
PRSS1-PRSS2 locus will be amplified to, e.g., detect which
allelic variant of a polymorphic region is present in the
CLDN2 locus and/or PRSS1-PRSS2 locus of a subject.
Probes can also be used in diagnostic assays, wherein, for
example, a probe comprises a region having a nucleotide
sequence that hybridizes to an CLDN2 locus and/or a
PRSS1-PRSS2 locus comprising a polymorphic region of
which specific allelic variants are associated with pancrea-
titis.

The polymorphisms of the present disclosure can also be
identified using, for example, nucleic acid sequencing or
microarray analysis (to identify more than one polymor-
phism in a sample). Any method known in the art for testing
for polymorphisms can be used in the methods of the
invention.

In certain embodiments, the present disclosure provides
for a kit for detecting at least one or more polymorphism in
the CLDN2 locus and/or the PRSS1-PRSS2 locus, e.g., the
rs12688220 T allele, the rs7057398 T allele, and/or the
rs10273639 C allele, and polymorphisms in linkage disequi-
librium therewith, wherein the kit comprises one or more
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oligonucleotide probe or primers, each of which is capable
of specifically hybridizing to genomic DNA associated with
a CLDN2 locus and/or PRSS1-PRSS2 locus as described
herein.

Example 1

We now report two significant genome-wide associations
identified and replicated at PRSS1-PRSS2 (1x107'?) and
x-linked CLDN2 (p<1x1072!) through a two-stage genome-
wide study (Stage 1, 676 cases and 4507 controls; Stage 2,
910 cases and 4170 controls). The PRSS1 variant affects
susceptibility by altering expression of the primary trypsino-
gen gene. The CLDN2 risk allele is associated with atypical
localization of claudin-2 in pancreatic acinar cells. The
homozygous (or hemizygous male) CLDN2 genotype con-
fers the greatest risk, and its alleles interact with alcohol
consumption to amplify risk. These results could partially
explain the high frequency of alcohol-related pancreatitis in
men-male hemizygous frequency is 0.26, female homozy-
gote is 0.07.

The exocrine pancreas is a simple digestive gland of only
two primary cell types, each with a single function (FIG. 3).
Recurrent acute pancreatic inflammation can, but does not
always, progress to irreversible damage of the gland, includ-
ing fibrosis, atrophy, pain, and exocrine and endocrine
insufficiency,’> known as chronic pancreatitis. Different
genetic and environmental factors produce the same clinical
phenotype™.

We collected biological samples and phenotypic data
from 1000 patients with recurrent acute pancreatitis and
chronic pancreatitis plus controls in the North American
Pancreatitis Study 2 (NAPS2)°. The primary environmental
risk factor identified was heavy alcohol drinking when
symptoms of pancreatitis began, based on the assessment of
the study physician, called herein alcohol-related pancrea-
titis.

To further define genetic risk, we conducted a two-stage
(discovery/replication) genomewide association study
(GWAS). The final data set for the Stage 1 cohort included
676 chronic pancreatitis cases and 4507 controls of Euro-
pean ancestry FIGS. 6-7) genotyped at 625,739 SNPs (Table
1; Table 4). Genomewide significant associations
(p-value<5x107%) were identified at two loci. The most
highly associated SNP fell in Xq23.3, dubbed the CLDN2
locus, the other in 7q34, the PRSS1-PRSS2 locus (FIG. 1;
Table 2; FIGS. 6-7, Table 5). CLDN2 encodes the protein
claudin-2, while PRSS1 encodes cationic trypsinogen, and
PRSS2 encodes anionic trypsinogen.

The Stage 2 cohort included 910 cases (331 chronic
pancreatitis, 579 recurrent acute pancreatitis; Table 1, Table
4), again genotyped at 625,739 SNPs, and 4170 controls,
most genotyped previously on the [llumina 1M. All subjects
were of European ancestry as determined by genetic analy-
ses. Recurrent acute pancreatitis and chronic pancreatitis
were modeled as having common susceptibilities, with
chronic pancreatitis occurring over time in the presence of
additional disease-modifying factors.S It is possible that this
assumption reduces power relative to a study comprising
solely chronic pancreatitis or recurrent acute pancreatitis
cases. Our primary targets in Stage 2 were the PRSSI1-
PRSS2 and CLLDN2 loci, although we also conducted a joint
analysis” of Stage 1 and Stage 2 data to uncover any new risk
loci. After controlling for ancestry, these data demonstrated
significant effects for the CLDN2 and PRSS1-PRSS2 loci
(FIG. 1; Table 5-6; FIGS. 8-9). Quality of SNP genotypes
supported the association (FIG. 10). The frequencies of the
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putative risk alleles at these 2 loci were 0.57 for the C allele
at rs10273639 (PRSS1-PRSS2 locus), with the minor T
allele reducing risk, and 0.26 for the T allele at rs12688220
(CLDN2 locus). No other locus shows association after
accounting for SNP genotype quality (FIGS. 8-10).

PRSS1 gain-of-function mutations, such as p.R122H,
increase risk for recurrent acute pancreatitis and chronic
pancreatitis®, as do increased copy number’'°. Rare loss-
of-function mutations in PRSS2 are protective'!. However,
rs10273639 is in the 5' promoter region of PRSS1. Because
it is the only highly associated SNP in the locus, we
validated its genotypes by independent TagMan genotyping
and also genotyped two SNPs in linkage disequilibrium with
it (footnote, Table 7)'* '3, We screened PRSS1 for rare
variants in 1138 subjects: 418 chronic pancreatitis, 350
recurrent acute pancreatitis, and 379 controls. Three known
disease-associated variants (A16V, N29I, R122H) were
identified in 23 subjects (Table 7). These gain-of-function
variants occur almost solely in cases (22 out of 23), and two
of them, A16V and R122H, likely fall on the C or risk
haplotype of this locus (Table 7). Nonetheless, with only 19
A16V and R122H events in cases, these rare alleles cannot
account for the association observed at this locus.

Sixty-nine control pancreas tissue samples from three
sources were genotyped at rs10273639, and cDNA was used
to quantify PRSS1 and control gene expression (Table 8).
For all three sets of quantitative PCR data, the slope relating
count of genotype C allele to PRSS1 expression level was
positive; together, the samples provide evidence (p=0.01)
that alleles at rs10273639 affect expression of PRSS1:
expression levels were highest in patients with two C alleles
at rs10273639, intermediate in heterozygotes, and lowest in
subjects with two T alleles. Based on this evidence, we posit
that reduced trypsinogen production protects the pancreas
from injury, as has been observed in genetic mouse mod-
els'*.

CLDN?2 is considered the primary candidate gene within
our CLDN2 locus. Claudin-2 is attractive because it serves
as a highly regulated tight junction protein forming low-
resistance, cation-selective ion and water channels between
endothelial cells'>!'% and is normally expressed at low levels
between cells of the pancreatic ducts and in pancreatic
islets'”*®, The CLDN2 promoter includes an NFkB binding
site’®, and gene expression is enhanced in other cells under
conditions associated with injury or stress*°>* Claudin-2
can also be expressed by acinar cells when stressed, as
reported in porcine models of acute pancreatitis®®. Other
genes within the CLND2 locus include MORC4, RIPPLY1,
and TBC1D8B. MORCH4 is expressed at low levels in most
tissues, including the pancreas, with higher levels in the
placenta and testis>*. The MORC4 protein contains a CW
four-cysteine zinc-finger motif, nuclear localization signal,
and nuclear matrix-binding domain, suggesting that it may
be a transcription factor**, but its expression does not appear
to correlate with pancreatitis (FIG. 11). RIPPLY1 and
TBCI1DSB are not known to be expressed in the pancreas.

To our knowledge, genetic variations in CLDN2 have not
been associated with disease in humans. We assessed DNA
sequence variants around CLDN2, RNA, and protein
expression for claudin-2 in control tissue classified by
histology and genotype (Table 9, FIG. 12). Evaluating 1000
Genomes data, no exonic variation was identified that could
explain the association signal. Using materials and methods
described previously for PRSS1 expression, CLDN2 expres-
sion levels in control tissues did not correlate with the
CLDN2 locus risk genotype (p-value=0.32). Protein was
extracted from the tissue, and only one protein band of the
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appropriate size was observed with anti-claudin-2 antibodies
on Western blot, which correlated with tissue inflammation
as determined by systematic grading of histology in adjacent
tissue (FIG. 2A, FIG. 12). Immunohistochemical staining
with anti-claudin-2 antibodies was verified in normal tissue
(FIG. 2B), with kidney, duodenum, and bile ducts serving as
additional positive controls (not shown). Protein localization
was assessed in 12 GWAS cases who underwent pancreatic
surgery: 6 with the CLDN2-containing high-risk genotype
and 6 without. Claudin-2 cytoplasmic granular staining was
markedly increased in both duct and acinar cells in chronic
pancreatitis cases (FIG. 2C-E). Only chronic pancreatitis
cases with the high-risk CLDN2 genotype demonstrated
moderate-to-strong claudin-2 staining along the basolateral
membrane of acinar cells (FIG. 2D, 2E, Table 9). Claudin-2
was also expressed in macrophages, which could contribute
to the pathologic inflammatory process®® (FI1G. 2C, F).

Most studies report excessive alcohol consumption as the
major risk factor for adult-onset chronic pancreatitis®®>°.
However, only 3% of patients who are alcoholics develop
chronic pancreatitis®®, suggesting a pancreas-targeting risk
factor. We compared genotypes based on whether pancrea-
titis was alcohol-related (yes/no)>>!. Setting control geno-
types counts as the baseline category to be compared with
case genotypes, the jointly estimated odds ratios for cases
with a positive alcohol-related pancreatitis was greater for
both rs10273639 (PRSS1-PRSS2 locus) and rs12688220
(CLDN2 locus) than those estimated for cases with a nega-
tive alcohol-related pancreatitis (Table 3). Thus, the effects
of both loci appeared to be amplified by alcohol consump-
tion. In a case-only analysis, both loci appear to interact with
alcohol-related pancreatitis (Table 3), the CLDN2 locus
most prominently (p-value=4x1077).

We conclude that a common allele in the PRSS1-PRSS2
locus is associated with lower PRSS1 gene expression and
that this effect is independent of the previously reported rare
gain-of-function PRSS1 variants that increase susceptibility
to both recurrent acute pancreatitis and chronic pancreatitis®.
For this reason, and because risk variants at the PRSS1-
PRSS2 locus exert a similar effect in patients with recurrent
acute pancreatitis or chronic pancreatitis, it is reasonable to
conjecture that variation at rs10273639 or variation in
linkage disequilibrium with it directly affects risk for
chronic pancreatitis and recurrent acute pancreatitis through
its impact on trypsinogen expression. Variation at the
CLDN2 locus, however, is much more strongly associated
with chronic pancreatitis than recurrent acute pancreatitis,
suggesting that it likely acts as a disease modifier to accel-
erate transition from recurrent acute pancreatitis to chronic
pancreatitis. The significant association of the CLDN2 locus
with alcohol suggests that the high-risk allele in the CLDN2
locus may modify risk through a non-trypsin-dependent
process. Thus, we have characterized two common genetic
risk modifiers for sporadic and alcohol-related chronic pan-
creatitis.

Protein-Protein and System-Based Interactions Among
Genes with Variants Associated with Recurrent Acute and
Chronic Pancreatitis.

The primary protein-protein interactions related to pan-
creatic disease involve trypsin (PRSS1) interacting with
chymotrypsin C (CTRC) and pancreatic secretory trypsin
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inhibitor (SPINK1). When activated by trypsin, Chy-

motrypsin C degrades trypsin in low calcium environments
(e.g., within the pancreatic acinar cell), thereby protecting
the pancreas from premature trypsin activation***S. Pancre-
atic secretory trypsin inhibitor is an acute phase protein
(markedly up regulated by inflammation) and is a suicide
inhibitor of trypsin*”*8,

Other protein-protein interactions are higher order, and
their effects are indirect. For example, the pancreatic duct
cells protect the pancreas from trypsin injury by secreting a
bicarbonate-rich fluid using a CFTR-dependent mechanism
to flush active trypsin out of the pancreas. Mild-variable
mutations in the cystic fibrosis gene (i.e., CFTR) result in
failed bicarbonate secretion, which results in a pH within the
duct lumen that is favorable for trypsin activation. Recurrent
trypsin activation results in injury and inflammation, which
is countered by increased SPINK1 expression and the pro-
tection thus conferred. Genetic variants in SPINK1 limit the
protection from premature trypsin activation, resulting in
ongoing injury and the development of chronic pancreatitis
over time. Thus, mild-variable CFTR variants are associated
with chronic pancreatitis when they occur together with
SPINK1 mutations, and vice versa, even though the proteins
do not interact directly*®. Similarly, the calcium sensing
receptor (CASR) is located on the luminal side of the duct
and monitors calcium concentrations®®. When activated,
CaSR, a G-coupled receptor, initiates a second messenger
signal that opens CFTR to flush the duct and reduce calcium
concentrations to limit trypsin-activation™®.

In Example 1, we hypothesize that a relative reduction of
PRSSI1 expression reduces the amount of trypsinogen in the
pancreas and in turn reduces risk of activation, as is
observed in genetic mouse models®'. The other protein,

claudin-2, is expected to act in parallel with CFTR in the
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duct. CFTR facilitates bicarbonate (HCO3-) secretion into
the duct lumen through the duct cell; claudin-2 facilitates
transport of sodium (Na+) and water between the ductal

)°233, The sodium and

epithelial cells (paracellular flow
bicarbonate meet within the duct to produce pancreatic juice.
Thus, claudin-2 and CFTR do not directly interact, but their
functions are intimately linked. Of note, claudin-2 is also

up-regulated during inflammation>*>9

, and we hypothesize
that it is the abnormal regulation and localization of clau-
din-2 in response to injury and inflammation in patients with
the high-risk CLDN2-locus genotype that leads to chronic
pancreatitis. This hypothesis will be further studied to dem-
onstrate that the mechanism is linked to the well-docu-
mented role of macrophages®”. We identified claudin-2-
positive macrophages, as well as claudin-2-positive acinar
cells, in patients with the high-risk CLDN2 genotype (FIGS.
2 C&F) and speculate is the presence of a pathologic

interaction, as proposed by others®®.

TABLE 1

Characterization of case subjects used for GWAS*.

chronic
recurrent  pancreatitis +
acute recurrent
chronic pan- acute
pancreatitis  creatitis pancreatitis
Stage 1 676 — 676
Alcohol-related Yes 264 — 264
pancreatitis’ No 411 — 411
Unknown 1 — 1
Stage 2 331 579 910
Alcohol-related Yes 70 113 183
pancreatitis’ No 256 462 718
Unknown 5 4 9
Combined 930 579 1506
Alcohol-related Yes 334 113 447
pancreatitis’ No 667 462 1129
Unknown 6 4 10

*Does not include information from controls in Stage 1 (n = 4514) or from Stage 2 (n =
4053). For more complete characterization of samples, please see Table 4 in the Appendix.
fAlcohol-related pancreatitis was assigned by the study physician at enrollment.

TABLE 2

Results for leading SNPs at the PRSS1-PRSS2 and CLDN?2 loci from Stage 1, Stage 2, and joint analysis.

CP + RAP
Allele
Frequency CP CP + RAP CP + RAP
(A1) Stage 1 Stage 2 Combined
CHR SNP BP Al* A2 cases controls OR se(OR) P OR  se(OR) P OR  se(OR) P
7 1510273639 142456928 T C 0350 0424 0712 0.044 3.0x 10 0748 0039 7.5x10° 0734 0029 2.0x 107
X 157057398 106144529 C T 0374 0281 1.493 0.075 14x 107 1.210 0.066 1.8 x 107> 1.321 0.049 4.6 x 107V7
X 1512688220 106244767 T C 0367 0261 1.612 0.081 2.4x 102! 1.238 0.073 23 x107 1385 0054 23x 10722

*Al is the allele counted for purposes of computing odds ratio and associated statistics. The model used here includes covariates to control for the two leading eigenvectors for ancestry,
as was done in the Plink analyses, but differs in its treatment of the minor allele count for the CLDN2 locus, which resides on the X chromosome (as described in Online Methods).
Alleles given are refSNP alleles according to dbSNP. See Table 5 for all SNPs passing quality control and showing p-value <5 x 1077 for Stage 1 or Stage 2 or the joint analysis.
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TABLE 4-continued

Allele frequencies for rs10273639 (risk allele C) and
1512688220 (risk allele T) when data are stratified by
controls or pancreatitis + alcohol-related diagnosis.

Demographic characteristics of pancreatitis patients and controls (see
footnote! for details of recruitment).

5
Age
Alcohol-  Number of  1s10273639'(C) 1512688220" (T)
Status related individuals frequency frequency Study n male female mean sd
Control 8029 0.576 0.261 NAPS2 373 163 210 45.9 15.8
Pan- 1129 0.634 0.322 PROOF 2 1 1 33.0 4.2
creatitis 447 0.696 0.427 10 SAPS 2 1 1 62.5 7.8
Control
1Using data from cases only and in a joint analysis of both SNPs, rs12688220 predicts
otk allels O m 13 1D & Ty robare 3¢ 10-b. 1510273639 (RS PRSS2 lowun) N A o o
of risk alleles =13.17;DF = 1; p-value =3 x .15 - ocus ~
is a significant predictor (count of risk alleles: x2 = 5.68; DF = 1; p-value = 0.017; NAPS-CV 10 4 6 46.1 114
genotypes: x2 = 6.05; DF = 2; p-value = 0.049), even after accounting for the effects of NAPS2 386 149 237 53.9 14.9
1512688220, 15 PAGER 10 2 8 66.2 13.7
Somalogic 132 58 74 58.4 17.3
TABLE 4 The study included case and control samples of European ancestry, which was also
validated genetically (FIGS. 3 & 4). The North American Pancreatitis Study 2 (NAPS2)
prospectively ascertained and phenotyped 540 chronic pancreatitis (CP) patients, 460
Demographic characteristics of pancreatitis patients and controls (see recurrent acute pancreatitis (RAP) patients, and 695 control subjects fror%jg 20 US expert
1 i i clinical centers between August 2000 and September 2006 as described’”. The NAPS2
footnote for defails of recruitment). 20  continuation and validation study (NAPS2-CV) ascertained an additional 516 CP patients
through March 2012. Parallel studies at the University of Pittsburgh that used the same
Age NAPS2 case report forms and methods included the Severity of Acutg Pancreatitis
Study/Pancreatitis-associated Risk of Organ Failure (SAPS/PROOEF) s‘fudy60 (Papachris-
tou, P1), which ascertained RAP patients between June 2003 until March 2012; and the
Study a male female mean sd Pancreatic Adenocarcinoma Gene-Environment Risk (PAGER) studsz (Brand, PI), ascer-
tained controls between February 2002 and March 2012. Only Caucasian cases and
Chronic Pancreatitis controls that met NAPS2 criteria fOGE RAP, CP, or control were included. Cases from the
Hereditary Pancreatitis (HP) study™ (Whitcomb, PI) were primarily probands of small
ALL 930 501 429 48.6 17.0 23 familial pancreatitis families or spouses of affected individuals as controls. DNA samples
German 150 84 66 39.9 15.9 from Milwaukee were obtained from Aurora Health Care system, Saint Luke’s Hospital,
HP 53 19 34 359 19.4 Milwaukee, WI, as part of the Open-Source Robotic Biorepository & Information
Milwaukee 45 30 15 61.8 154 Technology (ORBIT) program (Tector, Director) using de-identified DNA samples and
. . case forms completed by an honest broker using electronic medical records. Liverpool
NAPS-CV 275 150 125 51.7 153 samples were collected as clinical referrals (Neoptolemos, PI), while the German samples
NAPS2 406 217 189 49.7 16.2 were prospectively collected from clinical visits and referrals centered in Munster, DE and
PAGER 1 1 54.0 Greifswald, DE (Lerch, PI). Additional phenotyped Caucasian control DNA samples were
L. . 30 provided in collaboration with SomaLogic, Inc (Boulder CO). Alzheimer Disease Genetics
Recurrent Acute Pancreatitis Consortium (ADGC) samples consisted of cases and controls genotyped on the I[llumina
HumaangnniExpress Beadchips and judged to be of Euro&ean ancestry by genetic
analysis’. The NeuroGenetics Research Consortium (NGRC™) collected a set of 2000
?I%HLQ.H 5;? 2;1; 3§§ Zgg }gg cases and 2000 controls for the Genome-Wide Association Study of Parkinson Disease:
G - - Genes and Environment. These samples, which were used as controls for the Stage 2
HP 30 11 19 32.8 20.6 GWAS, were genotyped on the [llumina IM. Data from these samples are obtained from
. dbGaP Study Accession: phs000196.v2.pl (http://www.ncbi.nlm.nih.gov/projects/gap/cgi-
Milwaukee 25 4 21 52.3 15.9 35 bin/study.egi?study_id = phs000196.v2.p1), where a detailed study description can be
NAPS-CV 53 29 24 43.7 14.6 found. These subjects are consented for general use genetics studies.
TABLE 5
SNPs from Stage 1, Stage 2, and the joint analysis (SNPs passing quality control, have p <5 x 10-7 for the Stage 1 or Stage 2 or
combined analysis based on results from Plink).
CP + RAP
Allele
Frequency CPp CP + RAP CP + RAP
(A1) Stage 1 Stage 2 Combined
CHR SNP BP Al* A2 cases controls OR se(OR) P OR  se(OR) P OR se(OR) P
7 1510273639 142456928 T C 0350 0424 0712 0.044 3.0x107° 0748 0.039 7.5x107° 0734 0029 2.0 x 1074
8 1511988997 119766194 T C 009 0071 1.08 0120 4.6x 107 1.593 0.095 1.1x1077 1359 0074 6.1 x 107°
10 152995271 30519832 C T 0.196 0238 0.780 0.058 7.8 x 107 0.794 0.050 3.2x10™* 0.789 0.038 8.2 x 1077
X 15379742 105493919 T C 0250 0200 1392 0.077 1.8x10° 1.076 0.070 1.5x107! 1.203 0.052 59 x 1077
X 154400525 106140325 A G 0372 0281 148 0075 41x107° 1195 0066 64 x 107 1310 0049 45 x 107
X 187057398 106144529 C T 0374 0281 1493 0.075 1.4x 107 1.210 0066 1.8 x 107 1.321 0.049 4.6 x 1077
X 1512008279 106160702 G A 0509 0437 1338 0.065 2.7x 107 1.126 0.056 49x1073 1.212 0.043 1.6 x 107
X 185917027 106162634 C T 0515 0438 1330 0.065 5.6x 107 1.158 0.056 49 x 10 1.229 0.042 9.7 x 1071
X 1512014762 106183670 T C 0279 0202 1523 0.081 22x107'% 1.182 0.075 65x10™* 1318 0.055 1.5x 1074
X 156622126 106200202 A G 0510 0435 1329 0.065 6.1x 10 1.154 0.056 6.8 x 107 1225 0.042 1.9 x 1071
X 1512688220 106244767 T C 0367 0261 1.612 0.081 24x 102! 1.238 0.073 23 x10°° 1.385 0.054 2.3 x 1022

*Al is the allele counted for purposes of computing odds ratio and associated statistics. The model used here includes covariates to control for the two leading eigenvectors for ancestry,
as was done in the Plink analyses, but differs in its treatment of the minor allele count for the CLDN2 locus, which resides on the X chromosome. In this case, Plink encodes the count
of minor alleles in males as 0 and 1 and includes a sex effect; instead, following Clayton (2009; PMID: 19939292), we model the male genotypes as 0 and 2 and do not include the
sex effect, because this is a more powerful approach. Alleles given are refSNP alleles according to dbSNP, which are not necessarily the alleles designated in the Illumina map.
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TABLE 6

Odds ratios (OR), the standard error of the odds ratio (SE),
and associated p-value, by Stage and diagnosis, for the most
significant SNP at the PRSS1-PRSS2 locus and the CLDN2 locus.

PRSSI-PRSS2 CLDN2
locus rs10273639 locus rs12688220
(T allele) (T allele)

Dx Data  OR* se(OR) p-value OR  se(OR) p-value
CP Stage 1 0.713 0.044 3.0x10°% 1.612 0.081 2.4 x 1072!
CP.  Com- 0.734 0.030 2.0x107'* 1385 0.046 2.3 x 10722
RAP  bined
CP Stage 2 0.633 0.055 14 x 1077 1336 0.092 2.6 x 107
CP  Com- 0.683 0.034 1.7x 107 1496 0.060 1.0 x 10723

bined
CP. Stage 2 0.745 0.040 7.5 x107° 1.238 0.056 2.3 x 107¢
RAP

*The model used here includes covariates to control for the two leading eigenvectors for
ancestry, as was done in the Plink analyses, but differs in its treatment of the minor allele
count for the CLDN2 locus, which resides on the X chromosome. In this case, Plink
encodes the count of minor alleles in males as 0 and 1 and includes a sex effect; instead,
following Clayton (2009; PMID: 19939292), we model the genotypes as 0 and 2 and do
not include the sex effect, because this is a more powerful approach.

TABLE 7

Distribution of rare, exonic risk variants in PRSS1 by genotype
at rs10273639 (C is risk allele for 1s10273639).
These results indicate that the N291 risk allele resides
on the T haplotype of rs10273639 (non-risk), whereas the A16V and
R122H alleles reside on the C haplotype (risk).

All individuals All cases (CP + RAP)

Sequence variant T CT CcC T CT CcC
Wild Type 151 505 459 84 337 325
Al6V 2 2 2 1
N291I 1 2 1 2
R122H 8 8 8 8
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Results are from NAPS2 samples, which were analyzed
for rare variants over the duration of the NAPS2 study; the
method of DNA analysis varied over time. Three rare
variants—A16V, N291 and R122H of PRSS1 (n=1112 with
complete data on rare and common variant genotypes)—
were evaluated by using a combination of methods, such as
Surveyor (Transgenomic-Omaha, Nebr.) and Sequencing
(Applied Biosystems-Carlsbad, Calif.). The first batch of
950 samples were screened for exonic base-pair changes by
Surveyor, and all positive and randomly selected negative
samples were confirmed by Sequencing (Big Dye Termina-
tor v3.1 Cycle Sequencing Kit cat#4337456). All additional
samples (n=665) were performed by Sequencing methods
only. In brief, the Surveyor methodology (Surveyor Muta-
tion Detection Kits cat #706020; http://www.transenom-
ic.com/pd/surveyorSurveyor.asp) uses four steps: PCR
amplification of DNA from wild-type and unknown
sequence, followed by a hybridization step that forms het-
ero- and homo-duplexes, after which an enzyme that cuts at
mismatched nucleotides is added, and finally DNA frag-
ments are size-separated by gel electrophoresis.

We also validated genotypes of rs10273639 by indepen-
dent TagMan genotyping two SNPs in linkage disequibrium
with it—rs2011216, in intron 1 of PRSSI1, and rs6667,
synonymous variant in exon 5 of PRSS1—in 1158 NAPS2
case and control subjects with complete SNP data. For all
but 2 of the 1158 samples (99.83%), rs10273639 TagMan
genotypes were identical to those from OmniExpress.
Alleles of the synonymous variant rs6667 were in perfect
linkage disequilibrium with those at rs10273639, whereas
alleles at rs2011216 showed a modest departure (data not
shown). These results provide independent validation of
rs10273639 genotypes, thereby confirming their association
with risk for pancreatitis (FIG. 1), and identify other SNPs
that would produce genomewide association, including a
synonymous SNP.

TABLE 8

Normalized gene expression from pancreatic tissue for PRSS1, PRSS2, and
CLDN2. Genotypes for 1510273639 (PRSS1-PRSS?2 locus) and rs12688220 (CLDN2

locus) are given in the last two columns.

Study D PRSS1 PRSS2 CLDN2  1rs10273639  1rs12688220
PITT A 0.218 0.029 NA TT NA
PITT B 0.218 0.090 NA CT NA
PITT C 0.797 0.029 NA CT NA
PITT D 0.877 0.593 NA CT NA
PITT E 0.840 0.557 NA CT NA
PITT F 1.657 1.319 NA cC NA
PITT G 0.593 0.213 NA cC NA
PITT H 1.459 1.470 NA cC NA
PITT 1 0.738 0.598 NA cC NA
PITT I 0.914 0.670 NA cC NA
PSU XBB 048 0.426 1.437 3.778 CT TT
PSU XBH 221 3.160 1.913 2.333 CT cC
PSU XBW 333 3.320 1.832 4.823 cC TT
PSU XEY 176 0.326 0.479 3.773 CT cC
PSU XTA 462 0.267 0.422 1.505 CT TT
PSU XFU 215 -0.238 0.296 2.690 TT TT
PSU XFY 110 -2.912 -2.752 -0.368 TT TT
PSU XGE 449 0.000 0.000 0.000 TT CT
PSU XGI 233 0.017 0.065 0.792 cC TT
PSU XHI 170 1.304 1.172 -4.853 CT cC
PSU XHN 379  -0.010 0.610 -1.307 TT TT
PSU XHN 423  -0.052 -1.155 -7.175 cC TT
PSU XIG 483 0.305 0.522 2.495 CT cC
PSU XIW 265 1.204 1.494 3.844 CT TT
PSU X7J 1285 3.524 2.351 4.950 cC TT
PSU XID 339 -0.977 0.137 -6.026 CT cC
PSU XID 439 0.041 0.449 2.159 NA TT
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TABLE 8-continued

18

Normalized gene expression from pancreatic tissue for PRSS1, PRSS2, and
CLDN2. Genotypes for rs10273639 (PRSS1-PRSS2 locus) and rs12688220 (CLDN2

locus) are given in the last two columns.

Study D PRSS1 PRSS2 CLDN2  1rs10273639  rs12688220
PSU XID 447 2479 2.729 -4.003 CT TT
PSU XIJG 039 -0.134 -0.565 -6.244 cC TT
PSU XIG 404 1.255 1.183 2412 CT TT
PSU XJH 462 2.220 0.885 2.149 CT TT
PSU XKB 098  -1.023 -1.355 -6.190 TT cC
PSU XKD 006 0.224 0.484 3.697 NA TT
PSU XKF 331 0.858 0.732 1.997 TT TT
PSU XKR 071 1.103 0.632 4.126 CT TT
PSU XKU 176 3.893 2.218 1.277 CT cC
PSU XL2098 2.698 -0.128 -3.505 CT TT
PSU XLE 240 4.046 3.805 -3.703 CT cC
PSU XLT 278 3.504 4.232 -2.162 CT cC
PSU YAC 312 0.399 1.769 3.485 TT cC
PSU YC 3158 -0.442 0.457 2.493 CT TT
PSU YC 4332 NA 1.623 3.303 TT cC
PSU YCC 461 2.403 0.979 1.647 CT CT
PSU YCH 191 -0.162 0.254 0.824 TT cC
PSU YCM 298 1.825 1.495 2.549 TT TT
PSU YCW 158 1.734 1.074 4.267 cC TT
PSU YCX 167 0.199 0.704 1.426 NA TT
PSU YCX 238 4.861 3.973 3.444 CT TT
PSU YDI 386 0.557 0.867 0.552 CT TT
PSU YDJ 130 0.077 0.434 2.690 cC CT
PSU YDX 455 0.069 0.941 5.515 CT cC
PAGER PA1318 -2.150 -2.380 NA TT CT
PAGER PA1509 0.741 -1.936 -8.583 cC CT
PAGER PA1527 -0.510 -2.106 NA CT TT
PAGER PA1553 -1.640 -2.622 NA TT TT
PAGER PA1566 1.813 -1.743 -20.035 CT 1T
PAGER PA1601 -0.436 -0.748 NA CT cC
PAGER PA1615 -0.361 0.045 -0.855 TT CT
PAGER PA1641 -0.696 -1.011 -1.470 CT CT
PAGER PA1683 -0.128 0.035 2.255 cC CT
PAGER PA1690 0.000 0.000 0 CT CT
PAGER PA1701 -0.881 -0.775 -3.279 cC TT
PAGER PA1714 -0.316 -1.861 -2.993 TT TT
PAGER PA1728 -0.697 -1.056 -3.328 TT CT
PAGER PA1742 -0.798 -1.096 NA CT TT
PAGER PA1761 -1.365 -2.529 2.756 TT cC
PAGER PA1796 -0.560 -2.208 NA TT CT
PAGER PA1824 0.040 -1.270 0.298 TT TT
PAGER PA1855 -0.384 0.125 NA TT CT
PAGER PA1880 -1.968 -1.490 NA CT CT
PAGER PA1893 -2.351 -2.745 NA CT TT
PAGER PA1900 -1.291 -0.568 NA CT CT
PAGER PA1959 -0.896 -1.613 -4.529 CT TT

“Study” refers to the source of each of 3 sets samples analyzed, “ID” distinguishes subject sample, and NA

means not available.

To determine whether PRSS1 or CLDN2 gene expression
was associated with SNP genotypes (rs10273639 and
rs12688220 respectively), we fit the normalized gene
expression to counts of alleles. For rs10273639 (PRSS1
locus), the count of alleles is 0, 1, or 2 C for risk alleles,
whereas for rs12688220 (CLDN2 locus), we used the allele
encoding described in the footnote of Table 5 (0/2 for males)
with T being the risk allele. We fit the data for the three
studies separately and then combined the results to form a
single test statistic using a weighted sum of z-statistics, with
the weights determined by sample size.

60

65

For PRSS1 expression, the 3 slopes were 0.414+0.1809
(xse); 0.756+0.4094; and 0.301+0.2904, with z-values 2.29,
1.85, and 1.04, which yields an overall p-value of 0.0099.
(We removed 2 outliers, an observation with value<-4 from
PAGER and one from PSU with value>9.) For CLDN2
expression, only 2 sample sets were characterized; the 2
slopes were —0.636+0.5943 and 0.205+1.4804, and z-values
were -0.651 and 0.022, which yields an overall p-value of
0.32. (We removed one outlier from PAGER with value<-
15.)
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TABLE 9
Histology and anti-claudin-2 staining of chronic pancreatitis tissue in GWAS cases.
The samples are divided by rs12688220 genotype (1-2, low risk; = 7-12 high risk).
Claudin-2 staining
Intact Atrophic Terminal Intralobular
acinar Cells acinar cells ducts ducts
Cytoplasm Cytoplasm Cytoplasm Cytoplasm

Histology

(granular) membrane (granular) membrane (granular) membrane (granular) membrane Islets

Low-risk genotypes

—

increased fibrosis, some
residual lobules, some
atrophy, chronic
inflammation with lymphoid
aggregates

residual acini, increased
fibrosis, mild chronic
inflammation

residual acini with mild
chronic inflammation;
multifocal acute
inflammation (?type 2 AIP?)
atrophic, fibrotic, chronic
inflammation

lots of fibrosis, mild chronic
inflammation, some

residual intact and atrophic
lobules

intact lobules, increased
fibrosis, mild chronic
inflammation

High-risk genotype

Ko

++ +

w

++ +

N

++

w

++ +

[N

~

mostly atrophic with fibrosis + +++ -
and chronic inflammation

increased fibrosis, some -
atrophy

patchy chronic pancreatitis;
mostly preserved

increased fibrosis, atrophy,
rare residual lobule
increased fibrosis, atrophy,
rare residual lobule
increased fibrosis, atrophy,
rare residual lobule

-]

+++ +

=]

++ p++

1

<

++ P ++

1

o

++ P ++ ++

1

Ko

++ P ++ ++

++ -

++ -

++ -

+++ -

++ -

++ -

P +++

-+

++ -

++ -

+++ - +++ - +
++ - +++ - ++
+++ - +++ - NP
+++ - NP NP
+++ - +++ -+ ++
++ - +++ -+ ++
+H/+++ - +H/+++ f ++
+H++ - na NP
+++ - +++ - ++
+++ - +++ - +++
++ - ++ - ++
++ - ++ - ++

“Staining intensity scale of — to ++++ (-, negative; +, weak; ++, moderate; +++, strong); f, focal; P, patchy; NP, structure was not present in the tissue section. The
section in rows 7-12 of column 3 identifies the primary feature that differentiates claudin-2 staining based on CLDN2 genotype.”

Methods

Subject Recruitment:

Details of recruitment of cases and controls are reported
in Table 4. All studies were conducted under institutional
review board-approved protocols.

Stage 1 Samples:

All N=758 Stage 1 case samples were from the North
American Acute Pancreatitis Study (NAPS2°) were diag-
nosed with chronic pancreatitis, and were characterized for
alcohol-related pancreatitis (Table 1). chronic pancreatitis
occurs in less than 0.05% of the population, so a conve-
nience sample provides essentially identical power as a
same-sized sample of controls selected for the absence of
chronic pancreatitis®?. For controls, we used genotypes from
4076 cases and controls from the Alzheimer Disease Genet-
ics Consortium (ADGC) and 493 NAPS2 subjects, all geno-
typed on the same platform as the chronic pancreatitis
samples.

Stage 2 Samples:

The Stage 2 samples consisted of N=343 chronic pan-
creatitis and N=627 recurrent acute pancreatitis cases (Table
1, Table 4) as well as 4191 control subjects (3986 from the
NeuroGenetics Research Consortium, NGRC, and 205
NAPS2 controls).
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Genotypes:

All cases and NAPS2 controls were genotyped by the
University of Pittsburgh Genomics and Proteomics Core
Laboratories using the [llumina HumanOmniExpress Bead-
chip. Samples were processed and scanned using the manu-
facturer’s recommended protocols with no modifications.
ADGC samples® were also genotyped using Illumina
HumanOmniExpress Beadchips, whereas NGRC samples®*
were genotyped on the Illumina HumanlM-Duo DNA
Analysis BeadChip.

Quality Control (QC) for Stage 1:

QC was performed for individuals and then SNPs to
determine which samples and SNPs should not be included
in the analysis (“dropped”). Assessing sex miscalls based on
X chromosome genotypes using Plink®>, 7 chronic pancrea-
titis cases and 20 controls (10 NAPS2; 10 ADGC) were
dropped. Based on the requirement for =95% complete
genotypes per individual, 40 cases and 27 controls (20
NAPS2 controls and 7 ADGC controls) were dropped.
Searching duplicate or highly related samples based on
genotype and using GCTA software® (Genetic Relationship
Matrix score GRM>0.4), 35 cases and 78 controls (2



US 10,174,377 B2

21

NAPS2, 76 ADGC) were dropped. After these QC filters,
676 cases and 4507 controls remained for association analy-
sis.

SNP QC was first performed using NAPS2 and ADGC
samples separately. Ancestry was estimated using dacGem>’
based on 9700 SNPs that had a genotype completion rate of
299.9%, a minor allele frequency MAF=0.05, and were
separated by at least 500 Kb. Analysis of genotypes from
NAPS2 subjects identified 1 significant dimensions of
ancestry and clustered subjects into 3 groups (FIG. 3).
Groups A and B, illustrated in FIG. 3, delineate 764 and 282
subjects, respectively, of European ancestry (self-identified);
SNP QC for MAF and Hardy Weinberg Equilibrium (HWE)
were performed on data from these subjects. Of 731,442
SNPs received, 633,790 passed QC filters. SNPs were
dropped for the following reasons: 3165 for map location;
11,977 for call rate; 77,300 for MAF<0.01; and 5219 failed
HWE (p-value<0.005).

ADGC data were received in three waves of 1763, 1110,
and 1266 subjects. In the first wave, 659,224 SNPs were
received, while in waves two and three, 730,525 SNPs were
received. After QC as described for the chronic pancreatitis
cohort, including harmonization with SNPs passing QC in
the chronic pancreatitis cohort, 604,059, 632,761, and 633,
023 SNPs remained, respectively. After merging cohorts, 30
related subjects were dropped, leaving 4046 ADGC subjects.
Of the 633,615 unique SNPs in this ADGC, QC filters
dropped 5 for low MAF and 5316 for HWE, leaving 628,294
SNPs. Combining ADGC and chronic pancreatitis cohorts
and performing another round of QC yielded 625,739 SNPs
for analysis.

QC for Stage 2:

QC for individuals was performed as described for Stage
1. These individual-specific QC filters removed 60 cases,
leaving 331 chronic pancreatitis and 579 recurrent acute
pancreatitis cases for analysis; 14 controls were also
removed, leaving 4177 controls for analysis. We analyzed all
SNPs passing QC at Stage 1.

Association Analysis:

To control confounding due to ancestry, the first 10 major
eigenvectors from the spectral decomposition were used as
covariates in Stage 1 and Stage 2 analyses>®, although only
one was significant. We contrasted the genotypes of case
subjects and controls via logistic regression and a log-
additive (log it) model using Plink®®. Genotypes for any
SNPs showing association p-value<5x10~7 were manually
inspected for valid genotype clustering. SNPs showing
poor-quality clustering were excluded. Following Skol et
al” and others, we take an overall significance level of
5x107% and 5x1077 for strongly suggestive association.

To determine whether alcohol interacts with genetic varia-
tion to alter risk of pancreatitis, data from cases were fit to
a general linear model in which count of alleles or genotypes
predicted alcohol etiology (yes/no). The test statistic was
obtained as a likelihood ratio chi-square. Note that in these
analyses and any analyses other than genomewide associa-
tion, we model the male genotypes as 0 and 2°7*°. For the
genomewide association, Plink encodes the count of minor
alleles in males as 0 and 1 and includes a sex effect, but the
0/2 encoding for males is a more powerful approach®*°.

DNA Extraction:

DNA was obtained using standard methods*'.

Pancreatic Tissue Processing:

Tissue was obtained from two sources [Pitt and Pancreatic
Adenocarcinoma Gene-Environment Risk (PAGER) from
the University of Pittsburgh and PSU from Pennsylvania
State University| and processed in three batches: banked
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(Pitt) and prospectively collected (PAGER) surgical waste
from uninvolved pancreas and normal pancreas specimens
from the Gift of Life Program that were not used for
transplantation (PSU). PAGER samples were snap-frozen,
placed in RN Alater solution (Ambion), and stored at —80° C.
PSU pancreas samples were also snap frozen and preserved
in formalin or placed in RNAlater solution. RNA was
isolated using Trizol reagent (Invitrogen), and its quality
examined in 1% agarose gel stained with ethidium bromide.
cDNA was transcribed using oligo dt primers and the
Superscript 1I reverse transcriptase kit (Invitrogen).

Gene Expression:

Relative expression of PRSS1, PRSS2, CTRC, and 18S
was determined by analyzing cDNA using Taqgman®-based
rtPCR assays (Applied Biosystems). Raw absolute quanti-
tation results were analyzed and converted to relative
expression results by software packages SDS V2.3 and
DataAssist V1.0 (Applied Biosystems). Assays were
repeated in triplicate or quadruplicate. Three sets of samples
were assessed, two from Pitt (N=10 and 22) and one from
PSU (N=37). PSU results were normalized against 18S, Pitt
against CTRC. From each of these three data sets, mean
gene expression per sample was regressed against allele
count to obtain an estimated slope, standard error, and
z-score. We then calculated an overall z-score as a weighted
average of the individual z-scores, with weights determined
by sample size.

Antibodies:

Antibodies against claudin proteins (Invitrogen) were
assessed using Western blot for mouse anti-claudin-2 (Cata-
log No. 32-5600), mouse anti-claudin-4 (Catalog No.
32-9400), and mouse alpha-tubulin antibody (Catalog no.
AA12.1 The Developmental Studies Hybridoma Bank at the
University of Iowa, http://dshb.biology.uiowa.edu/Anti-
body-list). Immunohistochemistry was performed using
monoclonal antibodies for claudin-2 (Catalog #32-5600,
1:1,000 dilution). Immunoflourescence was performed using
mouse anti-claudin-2 (Catalog No. 32-5600) and goat anti-
human CD68 (Catalog #sc-7082, Santa Cruz Biotechnology
Inc.). The secondary antibodies for Immunofluorescence
were goat anti-mouse CY3 and anti goat Cy5 from Jackson
Immunoresearch.

SDS-PAGE and WESTERN Blotting:

Protein homogenates for Western blotting were obtained
from snap-frozen tissue that was homogenized and sonicated
in lysis buffer supplemented with protease inhibitors. Pro-
tein concentration was determined by the Bradford method
using a kit from Bio-Rad. Proteins were separated on 12%
SDS-PAGE*? followed by transfer to polyvinylidene difluo-
ride (PVDF) membranes™, for Western blotting®*. Immu-
nodetection of bound antibodies on PVDF membrane was
performed using ECL reagents (Amersham Biosciences).
All procedures were carried out according to manufacturer
instructions.

Immunohistochemistry:

Standard automated immunohistochemistry was per-
formed for claudin 2 (antibodies listed above) on formalin-
fixed, paraffin-embedded, 5 micron-thick tissue sections.
Following deparaffinization in xylene and rehydration in
ethanol, antigen retrieval was performed using EDTA pH8
buffer. The Dako Autostainer Plus was used; the slides were
incubated for 30 minutes with the primary antibodies, fol-
lowed by incubation with the secondary reagent (Mach 2
Mouse HRP Polymer from Biocare Medical) for 30 minutes.
The chromogen was developed (Dako DAB+) for 10 min-
utes. The immunohistochemical stains were reviewed by
one of the authors (A.M.K.). Cytoplasmic, granular, and
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membranous staining, predominantly in the lateral cell
membranes, were graded on an intensity scale of 0-4 (0,
negative; 1, weak; 2, moderate; 3, strong). The staining
intensity was very patchy from lobule to lobule in most
cases.

Immunofluorescence:

Cryostat sections (5 micron) of pancreas were washed 3
times with phosphate-buffered saline (PBS), followed by 3
washes with solution of 0.5% BSA in PBS. Sections were
blocked with 2% BSA solution for 30 minutes. The slides
were incubated for 1 hour at room temperature with primary
antibody for claudin-2 1:100 and goat anti-human CD68 in
0.5% BSA solution. Slides were washed 3 times with BSA
solution and incubated for 1 hour at 20° C. with 1:500
dilution anti-goat CY5 and 1:1000 dilution goat anti-mouse
CY3 secondary antibodies in BSA solution. Nuclei were
stained with Hoeschts dye (bisbenzamide 1 mg/100 ml
water) for 30 seconds. After 3 rinses with PBS, sections were
cover slipped with Gelvatol mounting media. Fluorescent
images were captured with an Olympus Fluoview 1000
confocal microscope (software version 1.7a). The Cy5 sig-
nal (CD68) was pseudocolored as green to show colocal-
ization with the red Claudin signal as yellow.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 6

<210> SEQ ID NO 1

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 1

tttacceccca t 11
<210> SEQ ID NO 2

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 2

tttactccca t 11
<210> SEQ ID NO 3

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 3

gcctectagaa a 11
<210> SEQ ID NO 4

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 4

gcctecagaa a 11
<210> SEQ ID NO 5

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 5

accaacgctt g 11
<210> SEQ ID NO 6

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 6

accaatgctt g 11

The invention claimed is: 55  (b) where the rs12688220 T allele is present in the sample,
administering a treatment for pancreatitis to the subject
selected from the group consisting of cholecystectomy,
biliary sphincterotomy, administration of an antibiotic,
administration of carbapenem, administration of a

1. A method for treating pancreatitis in a human subject in
need thereof comprising:

(a) testing a sample from the subject for the presence of

a rs12688220 T allele, a rs7057398 T allele, and a 60 therapeutic enzyme, surgery, distal pancreatectomy,

1510273639 C allele, celiac nerve block, percutaneous drainage, and combi-
wherein the presence of an allele is detected by an assay nations thereof.

selected from the group consisting of polymerase chain 2. The method of claim 1, further comprising, prior to

treatment administration, a diagnostic procedure selected
) ) ) ] T 65 from the group consisting of a biochemical assay for iso-
nucleic acid sequencing, and nucleic acid microarray amylase, lipase, trypsin, elastase, and/or secretin level in a
analysis; and sample from the subject, quantitative measurement of fecal

reaction, quantitative polymerase chain reaction,
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fat, measurement of plasma cholecystokinin (CCK), assay
for pancreatic exocrine function, radiological testing, trans-
abdominal ultrasound, CT scanning, magnetic resonance
cholangiopancreatography (MRCP), endoscopic diagnosis
assay, and combination thereof.

3. A method for treating pancreatitis in a human subject in
need thereof comprising:

(a) testing a sample from the subject for the presence of

a rs12688220 T allele, a rs7057398 T allele, and a
rs10273639 C allele,

wherein the presence of an allele is detected by an assay

selected from the group consisting of polymerase chain
reaction, quantitative polymerase chain reaction,
nucleic acid sequencing, and nucleic acid microarray
analysis; and

(b) where the rs7057398 T allele is present in the sample,

administering a treatment for pancreatitis to the subject

selected from the group consisting of cholecystectomy,
biliary sphincterotomy, administration of an antibiotic,
administration of carbapenem, administration of a
therapeutic enzyme, surgery, distal pancreatectomy,
celiac nerve block, percutaneous drainage, and combi-
nations thereof.

4. The method of claim 3, further comprising, prior to
treatment administration, a diagnostic procedure selected
from the group consisting of a biochemical assay for iso-
amylase, lipase, trypsin, elastase, and/or secretin level in a
sample from the subject, quantitative measurement of fecal
fat, measurement of plasma cholecystokinin (CCK), assay
for pancreatic exocrine function, radiological testing, trans-
abdominal ultrasound, CT scanning, magnetic resonance
cholangiopancreatography (MRCP), endoscopic diagnosis
assay, and combination thereof.
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5. A method for treating pancreatitis in a human subject in
need thereof comprising:

(a) testing a sample from the subject for the presence of

a rs12688220 T allele, a rs7057398 T allele, and a
rs10273639 C allele,

wherein the presence of an allele is detected by an assay

selected from the group consisting of polymerase chain
reaction, quantitative polymerase chain reaction,
nucleic acid sequencing, and nucleic acid microarray
analysis; and

(b) where the rs10273639 C allele is present in the

sample,

administering a treatment for pancreatitis to the subject

selected from the group consisting of cholecystectomy,
biliary sphincterotomy, administration of an antibiotic,
administration of carbapenem, administration of a
therapeutic enzyme, surgery, distal pancreatectomy,
celiac nerve block, percutaneous drainage, and combi-
nations thereof.

6. The method of claim 5, further comprising, prior to
treatment administration, a diagnostic procedure selected
from the group consisting of a biochemical assay for iso-
amylase, lipase, trypsin, elastase, and/or secretin level in a
sample from the subject, quantitative measurement of fecal
fat, measurement of plasma cholecystokinin (CCK), assay
for pancreatic exocrine function, radiological testing, trans-
abdominal ultrasound, CT scanning, magnetic resonance
cholangiopancreatography (MRCP), endoscopic diagnosis
assay, and combination thereof.

7. The method of claim 1, comprising determining the
presence of nucleic acid comprising SEQ ID NO:2 in the
sample.



