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Complex Genetics in Pancreatitis
Insights Gained From a New Candidate Locus Panel

Mitchell A. Ellison, MS, *1 Daniel M. Spagnolo, PhD,* Celeste Shelton, PhD, CGC,*
Ekatarina Orlova, MS, CGC,*} Jessica LaRusch, PhD,*
David C. Whitcomb, MD, PhD,3//Y and Mark Haupt, MD*

Objectives: Chronic pancreatitis is the end stage of a pathologic inflam-
matory syndrome with multiple etiological factors, including genetic. We
hypothesized that some pancreatitis etiology originates in pancreatic acinar
or duct cells and requires both injury and compensatory mechanism failure.
Methods: One hundred pancreatitis patients were assessed using a DNA
sequencing panel for pancreatitis. Cooccurrence of variants within and be-
tween genes was measured. Gene coexpression was confirmed via published
single-cell RNA sequencing.

Results: One hundred and twenty-one variants were identified in 2 or
more patients, 15 of which were enriched compared with reference popula-
tions. Single cell RNA-sequencing data verified coexpression of GGT1,
CFTR, and PRSS! in duct cells, PRSS1, CPA1, CEL, CTRC, and SPINK]
in acinar cells, and UBR! in both. Multiple-risk variants with injury/stress
effects (CEL, CFTR, CPAI, PRSSI) and impaired cell protection (CTRC,
GGT1, SPINKI1, UBRI) cooccur within duct cells, acinar cells, or both.
Conclusions: Pancreatitis is a complex disorder with genetic interactions
across genes and cell types. These findings suggest a new, non-Mendelian
genetic risk/etiology paradigm where a combination of nonpathogenic
genetic risk variants in groups of susceptibility genes and injury/dysfunction
response genes contribute to acquired pancreatic disease.

Key Words: pancreatitis, genomics, precision medicine, acinar cell stress,
ductal cell stress

Abbreviations: 1KG - 1000 genomes, referring to the 1000 Genomes
Project, ACMG - American College of Medical Genetics, AC - allele count,
AF - allele frequency, AMR - American haplotype frequency (European
ancestry), AN - allele number, AP - acute pancreatitis, DM - diabetes
mellitus, CF - cystic fibrosis, CP - chronic pancreatitis, EPI - exocrine
pancreatic insufficiency, eQTL - expression quantitative train loci,
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hronic pancreatitis (CP) is the end stage of a progressive,

destructive inflammatory disorder of the pancreas. Multiple
etiologies follow an unpredictable clinical course with variable
complications that include exocrine pancreatic insufficiency, diabe-
tes mellitus, chronic pain syndromes, and risk of pancreatic cancer."
Until recently, CP was considered a syndrome of unknown etiology,
with inconsistent rates of progression, variable complications, and
poor response to therapies.? Patients with CP experience among
the worst measurements of quality of life of any chronic disease
and are often stigmatized by older theories of CP etiology that at-
tribute the disease to severe alcoholism, even if a patient drinks lit-
tle or no alcohol.*> Optimal management requires identifying the
underlying disorders and contributing factors early in the disease
course and initiating effective management strategies to prevent
progression to irreversible and high-morbidity end stages.®’ The
intrinsic complexity of the underlying conditions and paucity of
simple, accurate diagnostic tools remain major challenges for
the field.®*

The etiopathogenesis of CP is now known to be associated
with dozens of pathogenic and pathologic factors. Only a small
subset of CP patients have a history of very heavy, prolonged alco-
hol use or a strong family history of pancreatitis or cystic fibrosis
(CF) that are suggestive of a Mendelian disorder.'®'? Instead,
most patients have unique combinations of risk factors, such as
variable alcohol and smoking use; metabolic factors, such as dys-
lipidemia or hypercalcemia; and genetic risk variants from over a
dozen genes. Furthermore, environmental and genetic factors are
associated with modification of disease course and severity.'>16
These data indicate that CP is a complex syndrome for which
the etiology is typically comprised of multiple interacting factors
rather than a single cause.

Linkage studies of families with CP identified pathogenic
and risk variants in PRSS1, CFTR, CEL, and UBR1.'> However,
these Mendelian syndromes proved to be rare causes of CP. In con-
trast, candidate gene and genome-wide association studies (GWAS)
identified multiple genetic risk variants, including variants in non-
coding regions in SPINKI, CTRC, GGTI, PRSSI/2 locus, and
CLDN2.%%?7 Although these variants are common in affected in-
dividuals, they are not disease-causing in isolation. This pattern
of rare Mendelian genotypes and common risk variants from GWASs
is typical of common complex disorders and cannot be explained
by clinicopathologic models or Mendelian genetics.®*®

Chronic pancreatitis is an acquired syndrome progressing
from “at risk” to “end-stage CP” over time, with the pathogenic
process often heralded by a sentinel acute pancreatitis (AP) event
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that activates the immune system and initiates pathology.! An AP
episode in humans is typically followed by resolution and healing,
but about a third of cases develop recurrent AP (RAP), and about a
third of RAP patients progress to CP>*** Analyses of patients
with AP, RAP, and CP often reveal progressively stronger expo-
sures to environmental stressors (eg, alcohol, smoking, and/or
combinations of genetic risk variants).!%13:16:2731-35 Eyrthermore,
the function of the risk genes and their regulatory elements ap-
pears to be mechanistically linked to processes within the pancre-
atic acinar cells or duct cells that are related to protection from
intrapancreatic trypsin activity, dysfunction of protein quality con-
trol (PQC) systems, diminished fluid and bicarbonate secretion,
and oxidative stress.*®>° Thus, the development of AP, and pro-
gression to RAP and CP may represent an acquired imbalance
where injury or stress overcomes the threshold of protective com-
pensatory mechanisms—especially in patients with genetic risk in 1
or more systems. Under this model, a loss of balance occurs between
injury and compensation by either increased stress or decreased com-
pensation, resulting in loss of homeostasis. Eventually, this process
leads to clinical signs and symptoms of a pathogenic disorder that
may lead to the CP syndrome after the damage becomes irreversible.

Here, we set out to assess the plausibility of a model where
stress coupled with failure of compensatory mechanisms leads
to injury and thus more severe disease. Under this model, we ex-
pect to observe an increased prevalence of pancreatitis patients
exhibiting both functional pancreatic (duct and/or acinar) cell ge-
netic variants and stress response genetic variants, compared with
a random distribution in accordance with allele frequency (AF).
To test this hypothesis, we evaluated the genotypes of 100 consec-
utive patients with pancreatitis referred to Ariel Precision Medicine
(Ariel) (Pittsburgh, Pa) for clinical genetic testing to evaluate the
etiology of pancreatitis. Putative molecular partners in pathogenic
processes were identified by analyzing intrapatient cooccurrences
of variants between 8 established pancreatitis-associated genes,
including injury/stress-related genes (CEL, CFTR, CPA1, and PRSSI)
and injury response genes (CTRC, GGTI, SPINKI, UBRI).
Cooccurrence of variants in individual patients observed within
and between genes was explored in patients diagnosed with AP,
RAP, and CP, revealing enriched associations between genetic
variants across mechanistic/functional groups, which may be suf-
ficient to cause pancreatitis. Cell-specific gene expression within
the pancreas was investigated using publicly available single-cell
RNA sequencing (scRNA-Seq) data to confirm feasibility of these
findings. This approach provides new insights into pancreatic dis-
ease mechanisms and novel methods to evaluate complex data
sets and to estimate risk and define disease mechanisms within
the context of precision medicine.

MATERIALS AND METHODS

Participants

Ariel is a commercial genetics laboratory/health information
technology company. Institutional review board approval was ob-
tained (Western Institutional Review Board; Olympia, Wash) to
retrospectively evaluate 100 consecutive patients who underwent
clinical genetic testing for pancreatitis using the Ariel PancreasDx
DNA sequencing panel.

Participant Phenotypic Data

Phenotypic data collected for clinical testing purposes and
made available for this analysis include demographic data, ances-
try, and relevant patient and family medical history. Before this
analysis, all samples were deidentified.
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Genetic Sequencing and Variant Interpretation

Sequencing of DNA extracted from saliva samples was per-
formed using the PancreasDx next generation DNA sequencing
panel. PancreasDx evaluates known pancreatitis susceptibility
and disease-modifying genes. For the purposes of this study, 8 ge-
netic loci associated with pancreatitis were included in this analysis
(CFTR, CPAI, CEL, CTRC, GGTI, PRSSI, SPINKI, and UBRI).
The sequencing panel was designed to capture all exons and a short
distance into introns along with the promoter regions, and deep
intronic variants associated with disease. Trans-acting sites associ-
ated with tag-single nucleotide polymorphisms (SNPs) were also
sequenced (eg, the PRSSI-PRSS2 haplotype defined by rs6666
and rs6667 in the PRSSI coding region).

Genetic variants were classified according the American
College of Medical Genetics (ACMG) guidelines for sequence
variant interpretation.*® Common variants considered benign accord-
ing to ACMG criteria due to AF alone were furthered reviewed as
low-to-moderate effect variants according to published case-control
studies. Variants significant in 1 or more independent, well-designed
case-control study with concordance were classified as “risk var-
iants” or “likely risk variants.” The remainder were classified as a
“factor of uncertain significance” or “benign.”

Association of Variants With Pancreatitis

All variants were organized by chromosome and nucleotide
position using version hg38 of the human genome. Alternate allele
counts (alleles differing from reference) were totaled at each posi-
tion and compared with the total allele number of 200 autosomal
chromosomes (allele pairs from 100 patients) to compute the
100 patient AF. For each variant, the AF in the 100 patients was
compared with the general population AF from publicly available
genetic databases including 1000 genomes (1KG), gnomAD, and
EXAC. Fisher exact test was used to identify variants present in
the pancreatitis cohort at rates higher than expected by chance.
P values were adjusted using the Bonferroni correction to control
for multiple comparisons. Any variants with adjusted P values of
0.05 or less were considered significantly enriched.

Cooccurrence Analysis

To identify how often 2 variants cooccur in the same patient and
identify statistically associated variant pairs across the 100-patient
cohort, we utilized a variant analysis method referred to hereafter as
the cooccurrence analysis. All variants identified in at least 2 pan-
creatitis patients were included in the cooccurrence analysis. Var-
iant occurrence data were compiled into a data matrix with unique
variants comprising each row and consecutive patients comprising
each column. Variants present in a given patient (either heterozygous
or homozygous) were assigned a value of 1. Absent variants
(nucleotide matching reference genome) were assigned 0. We
assumed no missing data based on the deep sequencing of the
PancreasDx panel for clinical purposes (ie, read depth of
>100 at all loci). The sum of the elements of each row in the
matrix denotes the number of patients presenting with the var-
iant in question (allele count/2). A variant cooccurrence matrix
was computed, with rows and columns denoting all 121 ob-
served genetic variants, and cooccurrence counts representing
the number of patients containing both of the variants invoked
by their respective row and column. Variant cooccurrence counts
were computed via matrix product of occurrence matrix with its
transpose, and the percentage of patients that each variant pair
cooccurs in was also calculated. Contingency tables were gener-
ated from these counts, and a 1-tailed Fisher exact test was used
to test for statistically significant associations between variant pairs.
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FIGURE 1. Overview of the 100 pancreatitis patient cohort and analysis methods. Phenotypic data for 100 patients described in this study. Bar

graphs represent the number of patients falling into each category listed on the y-axis.
Linkage Disequilibrium Statistics

All variants were tested to determine if they were in linkage
disequilibrium (LD) by calculating pairwise > values. VCFtools

An effective number of tests was determined using the Li and Ji
method, and the Bonferroni correction was done to account for
multiple comparisons to yield a nominal P value cutoff of 1.6e—4.*!
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(Sourceforge, La Jolla, Calif) was used to calculate 7 values
using the -geno-12 and -Id-window-bp options.** All LD calcula-
tions were performed using a window of 100,000 bp. Variant pairs
with # values greater than 0.8 were considered to be in LD. Anal-
ysis of LD between previously published variants (see Discussion
section) was conducted using Haploreg4.1.*

scRNA-Seq Studies

Gene expression in pancreatic cell types was determined by
interrogating publicly available human pancreatic scRNA-Seq
data (GSE81547). The chosen data set contains 2544 cells from
8 healthy donors of various ages. The “Seurat” R Package (version
3.1.1) was used to log-normalize gene counts.*** Cell type as-
signments (eg, acinar, etc.) were provided in the Gene Expression
Omnibus (GEO) data set, as determined by the authors using
flow cell cytometry.*® Heatmaps of gene expression for the 8
genes in 4 major cell types (acinar, beta, ductal, and mesenchymal)
were generated to visualize cell-specific expression data and infer
coexpressing genes.

RESULTS

Study Design

The study was designed as a case series with a primary goal
of providing a descriptive analysis of patients undergoing clinical
genetic testing. To summarize the genetic data, we report common
and rare genetic variants and assess combinations of genetic fac-
tors according to cell type (eg, duct cell or acinar cell). Using these
findings, we make inferences about disease mechanism (eg, CFTR-
related disorders, trypsin-related disorders, protein quality defects).

Patient Characteristics

One hundred consecutive patients with AP, RAP, or CP with
uncertain etiology underwent clinical DNA sequencing. Pheno-
typic data reported by patients and their physicians (Fig. 1) indi-
cated that patients in this cohort were evenly distributed between
male and female. Over half of the patients were older than 35 years
(n = 68), but there were also a large number of younger patients
(<35 years old, n = 32). Diverse ancestries were represented in this
population, although the majority of patients were of European
ancestry (80%).

Patients presented with varying overlapping pancreatitis phe-
notypes (AP =17%, RAP = 57%, CP =41%), with the majority of
patients diagnosed with RAP and/or CP. Numerous etiologies
were represented in this population. However, the majority of pa-
tients were categorized as idiopathic by their ordering physician
(59%). Several patients had been diagnosed with diabetes (8%),
CF (2%), or cancer (1%) in addition to pancreatitis. Self-reported
drug and alcohol use in this population was minimal (alcohol,
20%; tobacco, 8%; marijuana, 13%). Complete population char-
acteristics are presented in Figure 1.

Genetic Variants Identified in the 100-Patient
Cohort

For the purpose of these analyses, we limited the genetic var-
iants to those that were identified in at least 2 subjects under the
rationale that it would enrich the number of uncommon patho-
genic variants and diminish uncommon benign variants, at the
cost of eliminating some rare, high-risk variants. We chose not
to impose statistical requirements for enrichment of the variants
in the primary analysis (eg, 2x expected rate) because the minor
AF of low-to-moderate effect risk alleles varies greatly and can
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exceed 50% (eg, the risk T allele at rs10273639 near PRSS1/2
has an AF of 0.576).”

Of the variants identified in this study, 121 variants were
present in 2 or more patients. Genetic variants were detected in
all genes tested. Of the 121 variants identified, there were 12 path-
ogenic variants, 3 variants of uncertain significance (VUS), 5 risk
variants, 4 factors of uncertain significance (FUS), and 74 likely
benign/benign were identified (Fig. 2). As expected, the 121
variants are largely composed of intronic and protein coding
variants because of the use of a targeted a sequencing panel fo-
cusing on exons with limited sequence extension into the introns.
Most variants (106 [88%] of 121) were no more common than
expected by chance in this cohort based on the AF in general pop-
ulations. However, 15 (12%) of 121 variants were significantly
more common in the pancreatitis cohort (Table 1 contains variants
with Bonferroni corrected Fisher exact test P < 0.05 in at least 1
of the reference populations shown; see Supplementary Fig. 1,
http://links.lww.com/MPA/A803, this shows these variants as red
data points).

Variants in Multiple Pancreatitis Risk Genes
Cooccur Indicating Complex Disease Genetics

Calculating percent cooccurrence for all 121 variants across all
patients revealed numerous variants cooccurring at greater than 50%
frequency across this population (Fig. 3A, see Supplementary Fig. 2,
http://links.Iww.com/MPA/A803, which diagrams the steps of the
cooccurrence analysis). High intragene percent cooccurrence was
observed for all genes in the PancreasDx panel, indicating putative
haplotypes or common occurrence of common haplotypes. The
frequency of intergene percent cooccurrence between variant pairs
in CFTR, CPAl, PRSS1, UBRI, GGTI, SPINKI, and CTRC were
used to assess possible gene by gene interactions in pancreatitis risk.

To test if variants in this 100-patient cohort were cooccurring
more frequently than could be expected by chance, we performed
a Fisher exact test on contingency tables generated from pairwise
variant combinations. This analysis (Fig. 3B and see Supplementary
Fig. 3A, http:/links.lww.com/MPA/A803, which shows the heatmap
of the cooccurrence analysis) revealed numerous statistically significant
intragene cooccurrences in CFTR, CPAl, GGTI, and CTRC.
Many of these overlapped with the high (>50%) percentage of
cooccurrence variants (compare Figs. 3A to B). Significant vari-
ant cooccurrence pairs were filtered for variants in known LD
(r* 2 0.8) (view Supplementary Table 1, http://links.lww.com/
MPA/AS803, a table containing the variants, view Supplementary
Fig. 3B, http://links.Iww.com/MPA/A803 which shows the heatmap
of LD variants). The remaining significant cooccurring variant
pairs, not explained by LD (+* < 0.8), are provided in Table 2.

Although several intergene variant cooccurrences were
biologically compelling and overrepresented in the study co-
hort, we were unable to identify any statistically significant
intergene cooccurrences after correcting our Fisher exact test
results for multiple comparisons with the current sample size
(Fig. 3B). In summary, these data support the enrichment of
uncharacterized haplotypes in patients with pancreatitis and suggest
the possibility that numerous genetic interactions exist between
variants (Fig. 3C).

Cell-Specific Expression of Risk Genes

To provide a context for the assessment of the observed var-
iant cooccurrences, we analyzed previously published scRNA-seq
data collected on pancreatic cells (Fig. 4). These data revealed that
observed variant cooccurrences in several genes (variants within
and across genes seen together in patients) were consistent with
gene coexpression in acinar and/or ductal cells (genes found to
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FIGURE 3. Cooccurrence analysis reveals putative intra and intergene genetic interactions. A, Heatmap graphing percent cooccurrence
between CFTR, CPAT, PRSS1, CEL, UBR1, GGT1, SPINK1, and CTRC variants in 100 patients. OnIy variants with an allele count of 2 were
considered in this analysis. Colors of the bars on x and y axes correspond to gene node colors in C. B, Fisher exact test results for variant
cooccurrences shown in A corrected for multiple comparison using the Li Ji method, which resulted in a nominal P value cutoff of 1.6e—4.*'
C, Network graph with large nodes representing genes and small nodes representing variants. The graph was generated using only variants
that cooccurred in 50% or greater patients. Edge weights were set so that the highest weight was given to interaction between variants and
the gene they belong to, followed by intragene cooccurrences and the lowest weight was assigned to intergene cooccurrences. Genes are
colored as in Figure 2 and variants belonging to a given gene are colored to match.
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TABLE 2. Statistically Significant Intragene Variant Cooccurrences Identified in the 100-Patient Cohort With r* <0.80

Variant 1 Variant 2 Statistics
Significant

Gene ACMG rsID Gene ACMG rsID Fisher, P After Li Ji r?
CFTR Likely benign  rs1800501 CFTR Benign rs4148713 9.88E—06 Yes NA*
CFTR Benign rs1800503 CFTR Risk variant 15213950 3.45E-06 Yes 0.21
CFTR Risk variant ~ rs213950 CFTR Risk variant ~ rs1042077 2.83E-15 Yes 0.56
CFTR Risk variant 15213950 CFTR Benign 1rs35050470 1.21E-06 Yes 0.17
CFTR Risk variant ~ 1s213950 CFTR Benign 154727855 2.46E-07 Yes NA
CFTR Risk variant ~ rs213950 CFTR Benign rs1800136 1.87E-08 Yes NA
CFTR Benign 1s213964 CFTR Risk variant ~ rs1042077 1.26E-11 Yes 0.60
CFTR Benign 15213964 CFTR Benign 1535050470 2.26E-05 Yes 0.09
CFTR Benign rs213964 CFTR Benign 154727855 2.07E-09 Yes 0.15
CFTR Benign 1s213964 CFTR Benign rs1800136 2.97E-07 Yes 0.15
CFTR Benign rs213965 CFTR Risk variant ~ rs1042077 1.26E-11 Yes 0.60
CFTR Benign 1s213965 CFTR Benign 1535050470 2.26E-05 Yes 0.09
CFTR Benign 1s213965 CFTR Benign 1rs4727855 2.07E-09 Yes 0.15
CFTR Benign 1s213965 CFTR Benign rs1800136 2.97E-07 Yes 0.15
CFTR Risk variant ~ rs1042077 CFTR Benign 154148713 3.02E-05 Yes NA
CFTR Risk variant ~ rs1042077 CFTR Benign 135050470 1.84E-07 Yes 0.28
CFTR Risk variant ~ rs1042077 CFTR Benign 154727855 1.55E-08 Yes 0.23
CFTR Risk variant ~ rs1042077 CFTR Benign rs1800136 2.38E-10 Yes 0.31
CFTR Benign 1rs35050470 CFTR Likely benign ~ ¢.3367+219A>T 1.74E-13 Yes NA
CFTR Likely benign ~ ¢.3367+219A>T CFTR Benign 154727855 1.05E-10 Yes NA
CFTR Likely benign ~ ¢.3367+219A>T CFTR Benign rs1800136 1.03E-09 Yes NA
CPAl Benign rs1126899 CPAl Benign 156972781 5.91E-09 Yes 0.32
CPAI Benign rs1126899 CPAl Benign 1534925618 5.29E-05 Yes 0.10
CPAI Benign rs1126899 CPAl Likely benign 1510263705 1.79E-09 Yes 0.36
CPAl Benign 1s968404 CPAl Benign 1512706927 1.00E-11 Yes 0.48
CPAI Benign 156972781 CPAl Benign 1534925618 3.51E-11 Yes 0.36
CPAI Benign 156972781 CPAl Likely benign  rs10263705 2.05E-23 Yes 0.68
CPAI Benign rs34925618 CPAI Likely benign  rs10263705 6.41E-09 Yes 0.20
CEL Likely benign 15775674013 CEL Likely benign  rs771827067 8.39E-10 Yes NA
CEL Likely benign 15775674013 CEL Likely benign ~ rs371081359 8.39E-10 Yes NA
CEL Likely benign 15771827067 CEL Likely benign  rs371081359 8.39E-10 Yes NA
UBRI Benign rs16957277 UBRI Likely benign ~ rs2035169 6.32E-06 Yes NA
UBRI Benign 153759792 UBRI Benign 13917223 1.76E-09 Yes 0.46
GGTI Benign 1s4822520 GGTI Benign 1528377326 3.17E-13 Yes 0.25
GGTI Benign rs4822520 GGTI Benign rs389004 1.09E-14 Yes 0.25
GGTI Benign 154822520 GGT1 Benign 15760505 1.19E-10 Yes 0.25
GGTI Benign 1528377326 GGTI Benign 1s5760505 9.88E—24 Yes 0.77
GGTI1 Benign rs389004 GGT1 Benign 1s5760505 1.20E—22 Yes 0.77
GGTI Likely benign ~ rs58197100 GGT1 Likely benign ~ rs57803181 3.21E-05 Yes NA
GGTI1 Likely benign ~ rs58197100 GGT1 Likely benign  1rs58936342 4.84E-11 Yes NA
GGTI Likely benign ~ rs57803181 GGTI Likely benign  rs58936342 1.79E-05 Yes NA
SPINK1 Risk variant ~ rs554919880 SPINK1 Risk variant ~ rs17107315 1.33E-08 Yes

Risk variant NA
SPINKI  Risk variant  rs554919880 SPINKI ~ Risk variant 1517107318 1.28E-06 Yes NA
SPINK1 Risk variant ~ rs17107315 SPINK 1 Risk variant ~ rs17107318 1.28E-06 Yes NA
CTRC Risk variant ~ rs497078 CTRC Benign 1555015 0.000153205 Yes 0.16
CTRC Likely benign  rs115742618 CTRC  Likely benign  rs41303875 2.55E-07 Yes NA
CTRC Benign rs10803384 CTRC Benign 1510927786 5.50E-08 Yes 0.25
CTRC Benign rs10803384 CTRC Benign 1s555015 7.59E-05 Yes 0.06
CTRC Benign rs10927786 CTRC Benign 1s555015 3.45E-06 Yes 0.32

*NA is reported for variant pairs where VCFtools** returned “nan” indicating that it could not make a reliable estimate of °.
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Gene Expression Measured by
Single Cell RNA Sequencing
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FIGURE 4. Coexpression of pancreatitis-related genes in acinar and ductal cells. Heatmap of log-normalized gene expression levels for UBR1,

GGT1, CFTR, PRSS1, CPAT, CEL, CTRC, and SPINKT.

be synthesized in the same locality). As expected, PRSS1, CPA1,
CEL, CTRC, and SPINKI were generally well expressed in acinar
cells and CFTR in duct cells compared with the other cell types.
Transcripts of UBRI and GGTI were not well detected in pancre-
atic acinar cells. In ductal cells, GGT! expression was notably
higher, and UBRI expression was more varied.
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Cooccurrence Patterns Change With Pancreatitis
Severity

We used percent cooccurrence to test the hypothesis that var-

iants in pancreatitis risk-associated genes more frequently cooccur
in patients diagnosed with ongoing disease (CP and RAP) versus
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FIGURE 5. Cooccurrence of variants by pancreatitis type. Heatmaps
of variants cooccurring greater than 50% of the time in patients
diagnosed with (A) acute pancreatitis cooccurrences, (B) recurrent
acute pancreatitis, and (C) CP. Genes are colored as in Figure 2
and variants belonging to a given gene are colored to match.
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patients with a single episode of pancreatitis (AP). To test this hy-
pothesis, we subset the 100-patient data by diagnosis, excluding
patients where the physician had not reported a diagnosis or where
multiple pancreatitis diagnoses were reported. The population was
divided into the following groups: diagnosis not reported/multiple
diagnoses reported (n = 43), AP (n = 15), RAP (n = 30), and CP
(n = 12). Cooccurrence analysis was performed on the AP, RAP,
and CP subpopulations (Fig. 4).

In patients diagnosed with AP, we observed intragene
cooccurrences between variants within nearly all genes tested
suggesting ancestry or possibly AP-specific haplotypes (Figs. SA
and 6A). Many high percentage intergene cooccurrences were ob-
served in AP patients (Figs. SA and B), but far more were seen in
patients diagnosed with RAP (Figs. 5B and 6B) and CP (Figs. 5C
and 6C). For example, we observe a high degree of cooccurrence
between variants in acinar and duct cell genes (CFTR, CPA1, and
PRSST) and stress response genes (GGT1 and UBR1) in CP which
is less prominent in patients with AP and RAP. However, because
of the lack of statistical power, we were not able to identify many
statistically significant interactions between patients once they
were split into smaller groups (see Supplementary Fig. 4, http://
links.lww.com/MPA/A803 which shows the cooccurrence analy-
sis in specific patient groups).

Cooccurrences between variants were calculated in these dis-
ease subgroups (Table 3). Although we observed risk and path-
ogenic variant intergene cooccurrences in the AP population in
multiple genes (CFTR, UBR1, GGT1, SPINKI, and PRSSI), we
were only able to detect intergene cooccurrences between risk vari-
ants (nonpathogenic by ACMG criteria) in the CP and RAP sub-
groups. Very few intergene cooccurrences between risk variants (in
CFTR, PRSS1, and CEL) were identified in the RAP population, in-
dicating that a large number of the cooccurrences we observe in Fig-
ure 5B are between benign or likely benign variants using ACMG
criteria. Intergene cooccurrences found in the CP group are largely
between risk variants present in PRSSI, CFTR, and CTRC. In all
groups except for RAP, we observe the cooccurrence of variants
in at least 1 acinar- or duct-associated gene with 1 or more genes
involved in stress response (UBRI, GGTI, SPINKI, or CTRC).
This finding suggests that combinations of acinar and ductal cell
risk variants and variants in genes encoding proteins involved in
stress responses may contribute to the patient's disease phenotype.

Cell-Specific Expression of Risk Genes Supports
Their Contribution to Disease Subgroups

In all disease contexts assessed using the cooccurrence
analysis, we observed variants cooccurring between genes that
are expressed in both acinar and ductal cells (AP: CFTR, UBRI,
GGTI, SPINKI, and PRSSI; RAP: CFTR, PRSSI; and CEL;
CP: PRSS1, CFTR, and CTRC), suggesting that altered function
of both acinar and ductal cell types may be necessary to produce
pancreatitis in patients without highly penetrant pathogenic
variants associated with Mendelian disease (eg, cystic fibrosis,
PRSS1-hereditary pancreatitis).

DISCUSSION

This study is the first to demonstrate the mechanisms of
pancreatitis risk variants in patients with AP, RAP, and CP by
cooccurrence of risk variants in susceptibility gene loci (CFTR,
CEL, and PRSST) with variants in GGTI and UBRI protective/
adaptive gene loci. Specifically, we demonstrate cooccurrence
of CFTR risk variants with GGT1 risk variants as well as serine
protease risk variants and CFTR variants with UBR] risk vari-
ants. Furthermore, this is the first study to demonstrate a role
of noncoding UBR]! variants in the pathogenesis of pancreatic
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FIGURE 6. Cooccurrence patterns differ between pancreatitis types. Network graphs of variants cooccurring greater than 50% of the time in
patients diagnosed with (A) acute pancreatitis cooccurrences, (B) RAP, and (C) CP. Edge weights and node colors as in Figure 3.
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disease and in RAP/CP beyond Johanson-Blizzard syndrome
(IBS). 25474 Additionally, we reveal cooccurrences between
variants in PRSS! and CFTR with variants in SPINK and CTRC
protective/adaptive genes. These findings suggest a new, non-
Mendelian genetic risk/etiology paradigm where a combination of
nonpathogenic genetic risk variants in a combination of suscepti-
bility genes and injury/dysfunction response genes contribute to
acquired pancreatic disease. Because previous studies have de-
scribed SPINK1 and CTRC as genetic risk variants for pancreati-
tis, our discussion will focus on the protective/adaptive genes
GGTI and UBR] *631:50-52

GGT1-associated Pathophysiology

v-Glutamyltranspeptidase (GGT), coded for by GGT1, is an
extracellular enzyme that is primarily expressed in ducts and tu-
bule epithelia (biliary, gall bladder, kidney, epididymis, prostate)
and the small intestine where it salvages glutamate, cysteine
(Cys), and glycine from glutathione in the ductal fluids.>>>* It
is the only enzyme known to be capable of hydrolyzing the y-
carboxyl-amine bond of reduced glutathione (GSH), thereby
supplying Cys to cells which is rate-limiting for intracellular
GSH synthesis.> Intracellular GSH is present in all mammalian
tissues where it counters oxidative stress, regulates redox signaling,
plays a vital role in detoxification of xenobiotics, and regulates cell
proliferation, apoptosis, immune function, and fibrogenesis.>>>®

We confirmed that GGT1 transcripts are expressed in the
pancreas, and specifically in the pancreatic duct cells using scRNA-
Seq data. The GGT1 protein is known to be present in pancreatic
exocrine tissue, especially under stress and tumors that express
high levels of GGT1 are resistant to chemotherapy and apoptosis,
demonstrating its important role in oxidative stress and cell me-
tabolism.>”*® Knockout mice demonstrate that GGT1 is essential
to maintaining Cys levels in the body by intestinal absorption and
reclamation in the proximal kidney tubules. The GGT1-deficient
mice have stunted growth with mortality within about 12 weeks
due to Cys deficiency, and that they have marked reduction of
GSH levels in the liver and pancreas, which can be rescued by ad-
dition of N—acezylcysteine to their drinking water as an alternate
source of Cys.’

The role of GGT1I as a risk factor for RAP/CP was first re-
ported by Brand et al®® using a candidate gene approach in pa-
tients (n = 496) and control subjects (n = 465) from the initial
North American Pancreatitis I cohort as an extension of a
pool-based GWAS implicating GGT! in pancreatic adenocarci-
noma.>*%° The risk-associated variants in this study were noncod-
ing tag SNPs; 154820599, rs8135987, and rs2017869 (pancreatic
cancer). The rs4820599 and rs2017869 variants are part of larger
haplotypes, and these variants are also in linkage with each other
(** = 0.77). Another variant, rs5751901, is associated with AP
risk, and this variant is also linked to rs2017869 risk haplotype
(1 = 0.89).°16% The recent study of GGTI variants in AP by
Sciskalska et al®' found that GGTI rs5751901 is associated with
lower GGT1 serum activity in smokers with the CC genotype
and that there is an increased risk of acute AP in smokers with
the TC and CC genotypes. This variant was previously linked to
serum GGT1 levels in unstimulated lymphocytes of fasting adults
with each minor allele of 1s5751901 associated with a 21% in-
crease in GGT1 protein levels; however, the authors cautioned that
lymphocytes are not the most relevant tissue, and the unstimulated
effects may not translate to stimulated cells.®> The third SNP, re-
ported by Diergaardeand et al*®® and Brand et al,* is rs8135987,
which is in linkage with rs5760505 (+* = 0.82) from this study
and is part of another risk haplotype with multiple expression
quantitative trait loci (eQTL) including altered GGT! expression

© 2020 Wolters Kluwer Health, Inc. All rights reserved.

in the pancreas.5>®* By identifying additional GGT risk variants
we corroborate the findings of Brand et al*® and Sciskalska et al®!
and supporting the role of GGT1 in pancreatitis pathophysiology.

Other GGT1 variants identified in this study are rare, but pos-
sibly functional because they are part of eQTLs that alter regula-
tory elements. The variant rs186765281, which is not part of a
risk haplotype, results in both a missense variant, p.193V, and al-
ters protein binding site for USF1, a transcription factor (TF) that
regulates several gene networks, including the stress and immune
responses.®® This variant was found to cooccur with CFTR p.R75Q
(rs1800076, Table 3), a risk factor for pancreatitis through altered
bicarbonate conductance.**® The GGTI rs4822520 variant is
an intronic SNP that is not part of a major haplotype; however,
it alters the nucleotide binding motif of RFXS5, a TF associated
with immune response and insulin secretion resulting in altered
GGTI expression in the pancreas.®*®” The 2-variant intronic
haplotype in our study, comprised of 1s28377326 and
rs389004, alter TF binding sites of several factors including
MYC, a family of TFs involved in metabolism, cellular division,
differentiation, and cell death. These variants result in altered
GGT1 expression and were identified as an eQTL in multiple tis-
sues including the pancreas.®> Two very rare variants that were
enriched in our study (Table 1), 15202087650 (p.S347S found
in an altered HNF4 binding motif) and rs569846079 (intronic),
may also be risk factors, but enrichment by chance could not
be excluded. Together, these data suggest that GGT1 SNPs iden-
tified in this study alter known TF binding motifs in regions of
the genome marked by histone modifications indicative of active
chromatin resulting in GGT1 eQTLs.

Our findings here of strong cooccurrence of 2 or more
nonlinked GGT1 risk variants or GGT1I risk variants with CFTR
risk variants, combined with our finding of coexpression of CFTR
and GGT1 in pancreatic duct cells, provide biologically plausible
mechanism for ongoing pathologic signaling from the duct cell to
drive RAP/CP. Thus, the GGTI variants are not known to be
“pathogenic,” as in Mendelian genetic disease models, but may
be significant risk factors in the context of ongoing injury or stress
in the pancreas, especially in the duct cells.

UBR1-Associated Pathophysiology

A key factor in the PQC system is UBR1, which serves as a
cytoplasmic and nuclear “garbage collector” of mislocalized and
misfolded proteins. The UBRI1 protein is an E3 ubiquitin ligase
that identifies misfolded/unfolded proteins or proteins misdirected
to the cytoplasm by recognition of an N-terminal signal and then
links them to ubiquitin via E2 and E1 ligases where they are either
directed to the proteasome to be hydrolyzed to amino acids or, if
they represent larger aggregates of insoluble proteins, directly to
the autophagosome for hydrolysis by lysosomal enzymes.** The
importance of UBRI is demonstrated by JBS, a rare, congenital,
multisystem autosomal recessive disorder characterized by exo-
crine pancreatic insufficiency, typical facial features, dental anom-
alies, hypothyroidism, sensorineural hearing loss, scalp defects,
urogenital and anorectal anomalies, short stature, and cognitive
impairment of variable degree.”>*’*8 Exocrine insufficiency is
also seen in Ubrl(—/—) mice, with impaired stimulus-secretion
coupling and increased susceptibility to pancreatic injury.> These
data indicate that the pancreas is especially sensitive to the loss of
UBRI and that the mechanism being disrupted involves the PQC
mechanism linked to secretory proteins, such as digestive en-
zymes and, possibly, mitochondrial dysfunction—both known to
be important in the pathophysiology of pancreatitis.*®®’

The current study is the first to implicate UBR! variants in
pancreatic disease outside of JBS. The complete sequencing of
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the coding regions, promotor, and into the introns conducted here
revealed very few exonic variants; however, many rare and com-
mon intronic variants were detected. Although it is not possible
to demonstrate the independent deleterious effect of each of these
variants, the following evidence suggest the possibility that com-
binations of these variants could be deleterious. First, the variants
are within the UBRI locus which codes for an important protein in
pancreatic physiology. Second, they were identified in a series of
pancreatitis patients with DNA sent for sequencing because of
their clinical symptoms and lack of a known etiology, increasing
the pretest probability that variants appearing more commonly
in this cohort than expected based on minor AF are risk alleles.
Third, many of the variants directly, or indirectly, as part of a
larger haplotype, disrupts either an important TF binding motif
(eg, STAT, rs35996841 and rs3784265; TATA, rs115199320;
NfkB, rs68062403), exists in a region of open chromatin (DNase
hypersensitivity site), or promoter or enhancer chromatin (marked
by histone modifications H3K4me3 and H3K27ac, respectively),
and/or has established eQTL characteristics (rs3736054, 153784265,
14924704, rs68062403, rs2277532, rs2035169, rs16957277),
suggesting deleteriousness. Fourth, the pattern of cooccurrence
is consistent with predicted deleteriousness. Clusters of variants
in Figures 3C and 4B, D, F differ in minor AFE, with variants
(nodes) participating in intergene interactions (edges center of
the networks) often being more common and variants that do
not participate in intergene cooccurrences (near UBRI node) often
being more severe. It is possible that the cooccurrence reflects
linkage within a haplotype, but only rs3784265 and rs4924704
appear to be in LD. Thus, the cooccurrence of these risk variants
more likely reflects “recessive” genotypes (ie, both alleles affected
as a compound heterozygous risk). The pattern is also instructive
in that the cooccurrence of the UBR/ variants are found with sus-
ceptibility variants in PRSSI, CTRC, CEL, and CFTR, but less
frequently with other protective variants; SPINKI, CTRC, and
GGTI and this pattern would not be expected if the associations
were random. Finally, the PRSSI/2 locus risk haplotype (ie,
tagged by rs6667) is associated with higher risk from higher
trypsinogen levels, and these cooccur with UBR/ variants predicted
to have diminished function, suggesting effects in both the
trypsin-dependent pathway and misfolded protein pathway.?’->%

The model of UBRI genetic risk variants being deleterious
only in the context of other susceptibility genetic variants and re-
cessive UBRI genotypes provides insights into studies of UBRI
sequencing as a common cause of RAP/CP. Masamune et al*’
performed exon sequences of the UBRI gene from 389 Japanese
patients with CP (188 idiopathic, 172 alcoholic, 20 hereditary, 9
familial). Fifteen nonsynonymous variants including 3 novel
ones (¢.4514 T > C [p.I1505T], ¢.4828C > G [p.H1610D], and
c.4856A > T [p.D1619V]) and 2 synonymous variants were
identified in the exonic regions. They also noted that 7 CP pa-
tients had variants in other genes, including PRSS!I, SPINKI,
CTRC, and CFTR. They did not consider noncoding variants
and evaluated the data using a Mendelian model. They concluded
that no UBR! variant caused pancreatitis, but they did not consider
dysregulation of UBRI as part of a complex disorder as done here.

Implications in Precision Medicine

The strength of our approach includes a focus on a limited
number of genetic loci that are known to harbor risk alleles for
RAP/CP, the observation of a subset of variants at frequencies that
were greater than expected by chance, and the biological plausibil-
ity of combined genetic variants in injury/stress response genes
impairing protection/adaptation. Additional evidence comes from
stepwise enrichment of cooccurring variants in progressively more
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homogenous etiological and higher-risk patients between AP, RAP,
and CP (Figs. 6A, B, and C). The ability to detect this relationship
may also be driven by patient preselection by referring physicians
who sought advanced genomics and analysis in patients who
had already been thoroughly evaluated for pancreatitis etiologies
and remained idiopathic.

The discipline of precision medicine for acquired complex
common disorders focuses on determining patient-specific gene
and environment-associated disorders causing early symptoms of
disease, and directing patients to the right treatment to mitigate
the problem or prevent the progression to end-stage disease.® Inter-
national consensus efforts in clinical-translational pancreatology
provide the groundwork for applying these principles to patients
with RAP and CP using updated disease definitions, standardiza-
tion of risk/etiology lists, and progressive disease models.'*7%73
Furthermore, many important genetic variants beget disease sus-
ceptibility by altering regulatory elements, suggesting that patho-
logic risk may be heightened by failure of programmed stress
responses orchestrated through canonical TFs.?”*!%%7% The work
presented here demonstrates the complicated genetics underlying
pancreatitis with examples of how multiple genetic changes in key
genes in the acinar and ductal cell can be combined with changes
to key stress response genes within patients resulting in idiopathic
pancreatitis.
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