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Introduction
Pancreatitis, both acute and chronic, results in significant morbid-
ity and mortality (1–3). With approximately 275,000 hospitaliza-
tions/year in the United States (4), acute pancreatitis (AP) is the 
most common gastrointestinal diagnosis and costs an estimated 
$2.6 billion per year due to inpatient costs alone (5). The mortal-
ity of AP is 3%–6%, whereas in severe cases the rate increases to 
30% (6). AP also ranks as the fifth leading cause of in-hospital 
deaths (6). Recurrent AP (RAP) can progress to chronic pancreati-
tis (CP), which causes pain, maldigestion, diabetes mellitus, and 
increased risk for developing pancreatic cancer (7, 8). Currently 
there are no effective preventive or therapeutic strategies for this 
disease, primarily due to the lack of an ideal animal model mim-
icking the human form of the disease and our deficient under-
standing of its pathogenesis (9).

More than a century ago, Chiari (10) proposed that pancreatitis 
was an autodigestive disease. During the past 3 decades, research-
ers have revealed that premature activation of trypsinogen occurs 
in the pancreas of both human pancreatitis and experimental pan-
creatitis (11–15). Because trypsin is capable of degrading proteins 
and initiating other zymogen activation cascades, premature acti-
vation of trypsinogen in pancreatic acinar cells has been consid-

ered a key initiator of this disease. This notion is strongly support-
ed by the observation that gain-of-function trypsinogen PRSS1 
R122H mutations and loss-of-function mutations of the potent 
pancreatic serine protease inhibitor Kazal type 1 (SPINK1) have 
been associated with human hereditary pancreatitis (HP) (16–21). 
HP is a heritable, autosomal dominant, pancreatic inflammatory 
disorder with greater than 80% penetrance. Clinically, HP is char-
acterized by RAP that has an unusually early onset (age 5–23 years) 
and eventually develops into CP. Of note, the cumulative risk of 
pancreatic cancer in patients with HP is 44% by age 70 years (7, 8).

Because the biochemical characteristics of mouse and 
human PRSS1 are different, an animal model expressing human 
PRSS1R122H shall be a prototype for studying the pathogenesis and 
testing therapies of pancreatitis. Unfortunately, since the discov-
ery of the PRSS1R122H mutation in HP in 1996 (20, 22, 23), mouse 
models of this disease have been notoriously difficult to generate 
(24, 25). In this study, we aim to develop a human relevant animal 
model of AP and CP by expressing human PRSS1R122H, elucidate its 
fundamental mechanisms, and discover novel effective therapies.

Results
A BAC transgene conferred high levels of human PRSS1R122H expres-
sion. Based on our experience with genetically engineered mouse 
models and recent advancements in understanding of the bio-
chemical characteristics of mouse and human PRSS1 pioneered by 
Sahin-Toth (26–28), we reasoned that both the species and expres-
sion level of the PRSS1 gene were critical for successfully mod-
eling the disease in mice. Therefore, we decided to use a human 
bacterial artificial chromosome (BAC) harboring the full-length 
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trypsin activity was observed upon CCK receptor stimulation in 
the PRSS1R122H mice, we predicted that more severe pancreati-
tis would develop in these mice. Indeed, upon stimulation with 
cerulein (Figure 2A), pancreata from these mice displayed severe 
macroscopic edema as compared with those from WT C57BL/6J 
mice (Figure 2B). The pancreatic edema was further confirmed 
by increased pancreas-to-body weight ratio (Figure 2C). Elevat-
ed serum amylase, a hallmark of pancreatic acinar cell damage 
during pancreatitis, further suggested that more severe pancre-
atitis developed in the PRSS1R122H mice (Figure 2D). Histolog-
ically, the pancreata from PRSS1R122H mice showed increased 
interstitial space, an indication of edema, pancreatic acinar cell 
damage and massive inflammatory cells infiltration (Figure 
2E), lung inflammation (Supplemental Figure 2), and histology 
score of pancreatitis (Figure 2F). Immunohistochemical analysis 
revealed that CD11b-positive leukocytes included macrophages 
(F4/80) and neutrophils (Gr-1) (Figure 2G and Supplemental Fig-
ure 3). The activation of the proinflammatory NF-κB signaling 
pathway, a master regulator of inflammation (34), was measured 
by detecting p65 nuclear translocation (Figure 2, H and I). The 
upregulation of NF-κB downstream cytokine expression provides 
an explanation for the severe pancreatic inflammation observed 
in the PRSS1R122H mice (Figure 2J). The increased severity of AP 
in PRSS1R122H mice was further confirmed in l-arginine–induced 
pancreatitis model (Supplemental Figure 4).

human PRSS1 gene for faithful recapitulation of its expression 
(Figure 1A). This BAC contains full-length human PRSS1 gene pro-
moter, exons, introns, and 3′-untranslated region (UTR) to ensure 
native gene expression regulation. An R122H point mutation was 
introduced using GalK-mediated recombineering (PRSS1R122H) 
(Figure 1A and ref. 29). The correct mutation targeting was veri-
fied by Sanger DNA sequencing (Figure 1B). PRSS1R122H was high-
ly expressed in the pancreas of transgenic mice made with this 
construct (Figure 1C). Spontaneous pancreatitis was not observed 
(Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI130172DS1); likely 
other stimuli are required to initiate the development of the dis-
ease. Similarly, in humans, carriers of PRSS1R122H are not born with 
pancreatitis. Instead, their first episode of AP attack occurs at a 
median age of 10 years (30). However, upon stimulation of cho-
lecystokinin (CCK) receptors, increased and prolonged trypsin 
activity was observed in the pancreatic acini prepared from these 
transgenic mice (Figure 1D and ref. 31). This observation supports 
the previously established theory that the R122H mutation would 
disrupt an important fail-safe defensive mechanism against acti-
vated trypsin (20, 32) and the expression of mutant PRSS1 may 
sensitize the mice to the development of pancreatitis.

Transgenic expression of human PRSS1R122H led to severe AP. 
Cerulein, an analog of CCK, is commonly used for inducing 
pancreatitis in rodents (33). Because increased and prolonged 

Figure 1. Transgenic expression of human PRSS1R122H in mice. (A) Schema of generation of 
the transgenic human PRSS1R122H mouse model. An R122H mutation was introduced into a 
BAC harboring the full-length human PRSS1 gene by GalK-mediated recombineering tech-
nology. (B) Sanger DNA sequencing confirmed a CGC>CAC mutation, which confers R122H 
mutation. (C) Western blot showed a high level of PRSS1R122H expression in the pancreas of 
transgenic mice and no expression in WT C57BL/6J mice. Human pancreas lysate was used 
as a control. Representative blots from 3 independent assays are shown. (D) Higher and 
prolonged trypsin activity was observed in the pancreatic acinar cells isolated from trans-
genic PRSS1R122H mice than was seen in those from C57BL/6J mice. Mean ± SEM (n = 3).  
**P < 0.01; ***P < 0.001; 2-way ANOVA with Tukey’s multiple comparisons test.
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Figure 2. Transgenic expression of human PRSS1R122H caused severe AP. (A) Schema of cerulein-induced AP protocol. (B) Representative photos of pan-
creata from transgenic human PRSS1R122H mice and C57BL/6J mice 24 hours after cerulein induction (n = 8). (C) Significant increase in pancreatic edema 
(pancreas-to-body weight ratio) in PRSS1R122H mice 24 hours after cerulein induction. Mean ± SEM (n = 8). *P < 0.05; ***P < 0.001; 2-way ANOVA with 
Tukey’s test. (D) Serum amylase levels after 24 hours of cerulein induction. Mean ± SEM (n = 8). ***P < 0.001; 2-way ANOVA with Tukey’s test. (E) Rep-
resentative images of H&E staining of the pancreata (n = 8). Scale bars: 300 μm. (F) Histology score evaluation of AP. Mean ± SEM (n = 8). ***P < 0.001; 
2-way ANOVA with Tukey’s test. (G) Representative immunohistochemical staining for CD11b (pan leukocytes), F4/80 (macrophage), and Gr-1 (neutrophil) 
positive inflammatory cells (brown signal with hematoxylin purple counterstain) on sections from transgenic PRSS1R122H mice and C57BL/6J mice 24 hours 
after cerulein induction (n = 8). Scale bars: 200 μm. (H) Immunohistochemical staining for analysis of p65 nuclear translocation, an indicator of NF-κB acti-
vation in the pancreata of PRSS1R122H mice and C57BL/6J mice (n = 8). Scale bars: 200 μm. (I) Quantification of p65 nuclear translocation in the pancreata of 
PRSS1R122H mice and C57BL/6J mice. Mean ± SEM (n = 8). ***P < 0.001; 2-way ANOVA with Tukey’s test. (J) Pancreatic mRNA expression levels of monocyte 
chemoattractant protein-1 (Mcp1), tumor necrosis factor alpha (Tnfa), interleukin 1β (Il1b), and Il6 in PRSS1R122H mice and C57BL/6J mice were measured by 
real-time RT-PCR. Mean ± SEM (n = 4). *P < 0.05; ***P < 0.001; 2-way ANOVA with Tukey’s test.
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nents of unchecked unfolded protein response (UPR) (40, 41). 
In our initial study, ER stress signaling pathways (Bip, CHOP, 
XBP1s, ATF4) and enzymes involved in the production of ROS 
(DUOX1 and GPX4) were dysregulated in the pancreata of mutant 
PRSS1R122H mice (Figure 3, E and G). Whether ER stress and associ-
ated ROS production contribute to DNA damage in the context of 
PRSS1 mutation requires further investigation.

CP, resembling histologic features of human HP, developed in 
PRSS1R122H mice. Our data also demonstrated that after initiation 
of AP, pancreatic stellate cells were activated with upregulation of 
alpha smooth muscle actin (α-SMA) in PRSS1R122H mice but not in 
C57BL/6 mice (Supplemental Figure 5, B and C). We expect that 
increased inflammation, extended upregulation of damage sig-
naling, and activation of stellate cells by mutant PRSS1 may per-
petuate injury to the development of CP. To examine the devel-
opment of CP, mice were induced with cerulein and sacrificed 
70 days after AP induction (Figure 4A). Significant body weight 
loss in PRSS1R122H mice suggested the development of severe AP 
at an early time point and pancreatic function insufficiency at a 
later stage (Figure 4B). At 70 days, macroscopically the pancreata 
of WT C57BL/6J mice were normal, indicating their full recovery 
from AP. In contrast, all PRSS1R122H mice had smaller pancreata 
(Figure 4, C and D). Histologic examination showed pancreas 
histology was normal in C57BL/6J mice, whereas PRSS1R122H mice 
developed CP (Figure 4, E and F). Acinar cell loss, fat replacement, 
fibrosis, and precancerous pancreatic intraepithelial neoplasia 
(PanIN) lesion formation were evident in PRSS1R122H mice (Figure 
4E). These histopathologic features were similar to those observed 
in human HP caused by PRSS1 mutations (Figure 4E). Thus, this 
novel mouse model with the expression of human PRSS1R122H 
mimics the features of human HP (42).

PRSS1R122H mice were more susceptible to cerulein-induced AP 
than PRSS1WT mice. Next, we aimed to discern the specific roles 
of the R122H mutation in determining the severity of pancreati-
tis and to exclude that the severe pancreatitis, which developed 
in the PRSS1R122H mice, was solely caused by overexpression of 
PRSS1. For this purpose, we developed a transgenic mouse line 
with the same bacterial artificial chromosome to express WT 
human PRSS1 (PRSS1WT, no R122H mutation) (Figure 5A) and 
compared the severity of pancreatitis between the PRSS1WT mice 
and PRSS1R122H mice. PRSS1 protein expression levels were sim-
ilar in these transgenic mouse lines (Figure 5B). Initially, tryp-
sinogen activation in response to CCK was measured in primary 
pancreatic acinar cells isolated from PRSS1R122H and PRSS1WT mice 
(Figure 5C). Our data indicated that pancreatic acinar cells from 
PRSS1R122H mice were more sensitive to lower concentrations of 
CCK stimulation (Figure 5C). Next, PRSS1R122H and PRSS1WT mice 
were administrated with a single i.p. injection of cerulein at vari-
ous doses and pancreatitis was evaluated 24 hours after injection. 
We found that PRSS1R122H mice developed more severe pancreati-
tis at lower doses of cerulein than PRSS1WT mice as manifested by 
increased pancreatic edema (Figure 5D), elevated serum amylase 
levels (Figure 5E), and histologic pancreatic inflammation (Fig-
ure 5, F and G). These data confirmed that the R122H mutation 
of PRSS1 did sensitize transgenic mice to the development of AP 
more severe than PRSS1WT mice and provides an explanation why 
human patients with PRSS1 R122H mutation are more prone to 

Progressive pancreatic damage and activation of cellular stress 
signaling in PRSS1R122H mice. In humans, edematous AP usually 
resolves within 1 to 2 weeks; however, in patients with mutant 
PRSS1R122H expression, AP occurs recurrently and inevitably 
advances to CP. Similarly, cerulein injections caused mild AP 
in C57BL/6J mice, which fully recovered in a few days (Figure 
3A). However, in PRSS1R122H mice, cerulein-induced AP failed 
to resolve (Figure 3A) and was accompanied by severe edema, 
progressive increase of acinar cell death, and inflammatory cell 
infiltration (Figure 3B and Supplemental Figure 5A). TUNEL (ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling) and 
cleaved caspase 3 immunohistochemistry revealed massive acinar 
cell apoptosis (Figure 3, C and D). Next, we aimed to investigate 
the potential cellular signaling pathways which led to acinar cell 
apoptosis. The tumor suppressor p53 integrates multiple stress 
signals into a series of diverse antiproliferative responses. One 
of the most important functions of p53 is its ability to induce cell 
apoptosis (35). A higher level of p53 expression was detected in 
the pancreata of PRSS1R122H mice compared with C57BL/6J mice 
(Figure 3E). The p53 target gene, Bcl-2–associated X protein (Bax), 
which mediates the p53-dependent apoptotic response (36), was 
also dramatically increased (Figure 3E). DNA damage response 
is a key mechanism to upregulate p53 expression (37). Indeed, we 
observed a dramatic increase in DNA damage as assessed by phos-
pho-Histone γ-H2AX (Ser139) and 8-hydroxy-2′-deoxyguanosine 
(8-OH-dG or 8-OH) levels in the PRSS1R122H mice (Figure 3F). The 
upregulation of phosphorylated DNA damage–associated signal-
ing molecule CHK1 (Ser345) further indicated that DNA damage 
signaling pathways were activated (Figure 3E).

We previously observed that active trypsin can cause endo-
plasmic reticulum (ER) stress (38, 39). ER stress and the gener-
ation of reactive oxygen species (ROS) are fundamental compo-

Figure 3. Progressive pancreatic damage and activation of stress signal-
ing pathways in PRSS1R122H mice. (A) H&E staining showed progressive 
pancreatic damage on sections from transgenic PRSS1R122H mice after 
cerulein-induced AP. In contrast, similarly treated C57BL/6J mice recovered 
fully (representative of 5 independent samples). Scale bars: 400 μm. (B) 
Acinar cell death, pancreatic edema, and inflammation evaluation in AP 
after cerulein induction. Mean ± SEM (n = 5). **P < 0.01; ***P < 0.001; 
2-tailed unpaired Student’s t test. (C) Using TUNEL staining, extensive 
pancreatic acinar cell apoptosis was detected in transgenic PRSS1R122H mice 
after cerulein induction. In contrast, pancreatic acinar cell apoptosis in 
C57BL/6J mice was much less prevalent (representative of 5 independent 
samples). Scale bars: 200 μm. (D) Cleaved caspase 3 was upregulated in 
the pancreatic acinar cells of PRSS1R122H mice (representative of 5 inde-
pendent samples). Scale bars: 200 μm. (E) Western blot showed higher 
levels of p53 and its target gene BAX, DNA damage signaling p-CHK1, and 
abnormal ER stress-related proteins Bip and CHOP in the pancreata of 
PRSS1R122H mice than in those from C57BL/6J mice. Representative blots 
from 3 independent assays are shown. (F) Immunohistochemical staining 
for 8-hydroxy-2′-deoxyguanosine (8-OH) and phospho-Histone H2A.X 
(Ser139) (p-H2A.X) indicated the presence of DNA damage in the pancreata 
of PRSS1R122H mice. Representative of 5 independent samples. Scale bars: 
200 μm. (G) mRNA levels of endoplasmic reticulum stress-related signal-
ing molecules Atf4 (activating transcription factor 4) and Xbp1s (X-box 
binding protein 1 spliced), and ROS-related enzymes Duox1 (dual oxidase 1) 
and Gpx4 (glutathione peroxidase 4) were measured by real-time RT-PCR. 
Mean ± SEM (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001; 2-way ANOVA 
with Tukey’s multiple comparisons test.
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the development of AP. However, at maximum stimulation both 
PRSS1WT mice and PRSS1R122H mice produced the same amount of 
trypsin. With maximum stimulation, the severity of AP was also 
similar between these mice (Figure 5, D–G). These observations 
suggest that trypsin activity also determines the severe of AP in 
patients with WT RPSS1 when the etiology factors are robust.

Increased trypsin activity was the cause of more severe pancre-
atitis in PRSS1R122H mice. In vitro biochemical studies have shown 
that gain-of-function PRSS1 mutations increase trypsinogen auto- 
activation and/or inhibit trypsinogen degradation (20, 27). The 
mutations in the PRSS1 gene may also cause trypsinogen protein 
misfolding, resulting in ER stress (43). To study the nature of the 
R122H mutation in the development of HP, we developed another 
transgenic mouse line using the same construct as the PRSS1R122H 
mice, but they express an enzymatically dead PRSS1R122H (Dead-
PRSS1R122H or PRSS1Dead). The Dead-PRSS1R122H construct was 
developed using genetic recombineering technology to introduce 
an S200T point mutation into the PRSS1R122H construct (Figure 
6A), which disrupts the catalytic triad of trypsin, thus abolishing 
its enzymatic activity (44). PRSS1 protein expression levels were 
similar in each of the transgenic mouse lines (Supplemental Figure 
6A). Measurement of total trypsin capacity after activating tryp-
sinogen in the pancreas lysate with enteropeptidase showed that 
trypsin capacity was increased by nearly 2 folds in PRSS1R122H and 
PRSS1WT mice (Supplemental Figure 6B). However, the trypsin 
capacity in Dead-PRSS1R122H mice was similar to that of C57BL/6 
mice (Supplemental Figure 6B), suggesting that transgenic expres-
sion of Dead-PRSS1R122H did not increase trypsin activity levels in 
these mice. In consistent with these findings, cerulein increased 
more trypsin activity in PRSS1R122H mice but not in Dead-PRSS1R122H 

mice (Figure 6B). To investigate the effects of Dead-PRSS1R122H 
expression on the severity of pancreatitis, AP was induced by 
injections of cerulein (Figure 6C). Compared with the severe pan-
creatitis observed in PRSS1R122H mice, the Dead-PRSS1R122H mice 
showed only mild inflammation, which is similar to WT mice 
(Figure 6, D–H), indicating that enzymatically dead PRSS1R122H 
completely abolished the severe pancreatitis caused by the PRSS1-
R122H mutation. Furthermore, 7 days after cerulein induction of 
AP (Figure 6I) all PRSS1R122H mice developed CP (Figure 6, J–L) 
with pancreatic atrophy (Figure 6, J and K) and chronic inflamma-
tion (Figure 6L). In stark contrast, the pancreas size and histologic 
findings in the Dead-PRSS1R122H mice were normal (Figure 6, J–L). 
Collectively, these results strongly support the idea that the R122H 
mutation of PRSS1 causes severe pancreatitis through increased 
trypsin activity, not through ER stress due to protein misfolding. 
The ER stress signaling observed in the PRSS1R122H mice is likely 
related to increased trypsin activity, as shown previously (38). The 
importance of trypsin in pancreatitis was also supported by other 
transgenic mouse models, even though the mutations of trypsino-
gen used in those models are not present in human HP (38, 45).

An experimental therapeutic study with PRSS1R122H mice discov-
ered a novel therapy for hereditary pancreatitis. Currently there are 
no targeted preventive or therapeutic interventions for pancreati-
tis. Our newly established humanized model of pancreatitis may 
offer the opportunity for preclinical evaluation of novel therapies. 
Because our studies have shown that trypsin activity has a criti-
cal role in the pathogenesis of pancreatitis, we aimed to test the 
effects of trypsin inhibition on the severity of pancreatitis. We 
chose to test a specific trypsin inhibitor, camostat mesylate (tryp-
sin Ki 37 nM, thrombin Ki 570 nM), which has been used to treat 

Figure 4. CP developed in transgenic 
PRSS1R122H mice. (A) Schema of cerulein 
administration protocol. (B) After cerulein 
induction, the body weight changes of the 
mice were monitored. Mean ± SEM (n = 
5–10). (C) Representative pancreas images 
on day 70 from transgenic PRSS1R122H mice 
and WT C57BL/6J mice (n = 5–10). (D) Pan-
creas weight was compared 70 days after 
cerulein induction. Mean ± SEM (n = 5–10). 
***P < 0.001; 2-tailed unpaired Student’s t 
test. (E) CP with fat replacement, fibrosis, 
and pancreatic intraepithelial neoplasia 
(PanIN) lesions developed in PRSS1R122H 
mice. These features were similarly 
observed in the pancreata of human 
patients with hereditary pancreatitis. (F) 
Overall histology score of CP. Mean ± SEM 
(n = 5–10). ***P < 0.001; 2-tailed unpaired 
Student’s t test.
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CP in Japan (Foipan; Ono Pharmaceutical Co, Ltd.) but has not 
been approved for use in the United States. We also included the 
anticoagulant dabigatran (Pradaxa; Boehringer Ingelheim Phar-
maceuticals, Inc.), which is primarily used as a thrombin inhibitor 
(Ki 4.5 nM) but also inhibits trypsin activity (Ki 50 nM). After ini-
tiation of AP by 5 injections of cerulein administered every hour, 
camostat or dabigatran was introduced and administered twice 
daily over a period of 7 days (Figure 7A). This strategy mimics a 
therapeutic scenario in the clinic since it typically takes a few 
hours after the onset of pancreatitis for patients to reach a hospital 
and start treatment. In untreated controls, pancreata shrank and 
showed histologic manifestations of CP. Camostat moderately 
protected the pancreas from CP at higher doses (Figure 7, B–D). 
Surprisingly, dabigatran nearly completely abolished the progres-
sion of CP (Figure 7, B–D), outperforming the more selective and 
stronger-affinity trypsin inhibitor camostat. We reasoned that 
the anticoagulation properties of dabigatran may contribute to its 
beneficial effects on reducing the severity of pancreatitis.

In the clinic, some patients with AP may be diagnosed late. To 
investigate whether dabigatran will still be effective in these cases, 
we performed an experimental therapeutic study 20 hours after 

cerulein induction. Our data showed that dabigatran administra-
tion preserved the pancreas as compared with untreated mice but 
to a lesser extent than those treated from 5 hours after cerulein 
administration (Supplemental Figure 7), suggesting that timely 
treatment is important for maximum efficacy.

A majority of patients with AP do not harbor PRSS1 muta-
tions. To examine whether dabigatran will be able to prevent the 
development of AP in mice with WT PRSS1, we tested the effects 
of dabigatran in PRSS1WT transgenic mice. Dabigatran treatment 
successfully prevented the development of AP in PRSS1WT mice 
(Supplemental Figure 8), suggesting dabigatran is not selective 
for mutant PRSS1, and its beneficiary therapeutic benefit can be 
extended to encompass a variety of patients with AP.

Anticoagulation and trypsin inhibition synergistically improved 
pancreatitis. The existence of extensive cross-talk between coag-
ulation and inflammation pathways has long been recognized 
(46). Inflammation can upregulate coagulation factors and cause 
hypercoagulation (47). Conversely, coagulation factor complexes 
stimulate protease activated receptor signaling, which induces 
the release of inflammatory cytokines and have important roles 
in pancreatitis and many other inflammatory diseases (48–52). 

Figure 5. PRSS1R122H mice were more sensitive to induction of pancreatitis than were PRSS1WT mice. (A) Transgenic mice expressing WT human PRSS1 
(PRSS1WT) were generated for comparison with PRSS1R122H mice. (B) Western blot showed similar expression levels of PRSS1 in these transgenic mice. 
Representative blots from 3 independent assays are shown. (C) Pancreatic acinar cells were isolated from the indicated mice and trypsinogen activation 
in response to low and high concentrations of CCK was measured. Mean ± SEM (n = 3). **P < 0.01; ***P < 0.001; 1-way ANOVA with Tukey’s multiple com-
parisons test. (D) Greater pancreatic edema (pancreas-to-body weight ratio) was seen in PRSS1R122H mice compared with PRSS1WT mice at 24 hours after a 
single-dose of cerulein. The cerulein dose ranged from 2.5 μg/kg to 50 μg/kg. Mean ± SEM (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001; 1-way ANOVA with 
Tukey’s multiple comparisons test. (E) Greater serum amylase levels were seen in PRSS1R122H mice than in PRSS1WT mice. Mean ± SEM (n = 5). *P < 0.05; 
**P < 0.01; ***P < 0.001; 1-way ANOVA with Tukey’s multiple comparisons test. (F) Overall histology score of AP developed after various doses of cerulein 
insults. Mean ± SEM (n = 5). **P < 0.01; ***P < 0.001; 1-way ANOVA with Tukey’s multiple comparisons test. (G) Representative H&E staining showed that 
PRSS1R122H mice were more sensitive to cerulein-induced AP than were PRSS1WT mice (n = 5). Scale bars: 200 μm.
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Figure 6. Increased trypsin activity was the cause of severe pancreatitis in PRSS1R122H mice. (A) Enzymatically inactive Dead-PRSS1R122H (PRSS1Dead) 
transgene construct was developed by introducing a S200T point mutation into PRSS1R122H using recombineering technology. (B) In response to cerulein, 
Dead-PRSS1R122H generated the same amount of active trypsin as C57BL/6 mice. Mean ± SEM (n = 3). ***P < 0.001; 1-way ANOVA with Tukey’s test. (C) 
Schema of cerulein-induced AP in PRSS1Dead and PRSS1R122H mice. (D) Enlarged pancreata were observed in PRSS1R122H mice but not in PRSS1Dead mice 24 
hours after cerulein induction (n = 10). (E) Comparison of pancreatic edema (pancreas-to-body weight ratio) 24 hours after cerulein induction. Mean ± SEM 
(n = 10). ***P < 0.001; 2-tailed unpaired Student’s t test. (F) Comparison of serum amylase level 24 hours after cerulein induction. Mean ± SEM (n = 10). 
***P < 0.001; 2-tailed unpaired Student’s t test. (G) Cerulein caused more severe AP in PRSS1R122H mice than in PRSS1Dead mice. Representative images of 
H&E staining 24 hours after cerulein induction are shown (n = 10). Scale bars: 200 μm. (H) Overall histology score of AP from PRSS1R122H mice and PRSS1Dead 
mice. Mean ± SEM (n = 10). ***P < 0.001; 2-tailed unpaired Student’s t test. (I) To investigate cerulein-induced CP in PRSS1R122H and PRSS1Dead mice, the 
mice were sacrificed 7 days after cerulein induction. (J) Seven days after cerulein induction, all the pancreata from PRSS1R122H mice shrank (indicating CP), 
but all the pancreata from PRSS1Dead mice appeared to be normal (n = 8). (K) The pancreas-to-body weight ratio 7 days after cerulein indicated that the 
pancreata in PRSS1R122H mice were much smaller than those in PRSS1Dead mice. Mean ± SEM (n = 8). ***P < 0.001; 2-tailed unpaired Student’s t test. (L) At 
day 7, histologic examination (H&E staining) demonstrated chronic damage in PRSS1R122H mice, whereas the pancreata of PRSS1Dead mice were normal (n = 
8). Scale bars: 200 μm.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/1


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 9 7jci.org      Volume 130      Number 1      January 2020

Inhibition of both trypsin and coagulation, using FDA-approved 
drugs for other diseases, was able to synergistically prevent the 
progression of CP. This clinically relevant mouse model and find-
ings obtained from this study will be informative for immediate 
clinical trials, encourage the further investigation into its mecha-
nisms, and aid in the development and testing of more effective 
therapies for human pancreatitis.

Although AP is the most common gastrointestinal diagnosis, 
HP is relative rare. It is estimated that the prevalence of HP in the 
United States is about 1000 cases, although the actual numbers are 
not known (http://www.pancreapedia.org/reviews/hereditary- 
pancreatitis). However, patients with the mutations have greater 
than 80% penetrance of developing recurrent AP and CP with a 
high risk of pancreatic cancer. Notably, medications that are effec-
tive for HP also work for pancreatitis with WT PRSS1. Therefore, 
these animal models with human PRSS1 expression can be a pro-
totype for general pancreatitis research.

There are practical difficulties associated with obtaining 
biopsies from the pancreas during early stages of pancreatitis; 
therefore, our research into the pathophysiology of HP has been 
greatly limited. An animal model that recapitulates the human 
disease will provide us with a powerful tool to study its initiation 
and progression as well as interventions to treat it. Since the dis-
covery that mutations in the PRSS1 gene were linked to the devel-
opment of HP in 1996 (19, 20, 22, 23), many previous attempts 
to develop such an animal model by mimicking the mutations 
harbored in patients with HP led to only limited success (26, 27). 
Therefore, a more sophisticated transgene strategy is required to 
model this disease.

Based on our experience with genetically engineered mouse 
models and our recent understanding of the biochemical charac-
teristics of PRSS1, we reasoned that 3 major obstacles previous-
ly hindered the successful development of this model. First, the 

Therefore, the reciprocal interactions between coagulation and 
inflammation may form a positive feedback loop that can result in 
progressive tissue damage (53). Consistent with this mechanism, 
in our animal model we also observed increased fibrin deposition 
(Figure 8A) in the intercellular spaces and active thrombin expres-
sion (Figure 8B), indications of activated coagulation in the pan-
creas. Yet, clinical trials showed that using anticoagulation drugs 
alone had only limited benefits (54, 55). It is likely that both trypsin 
and coagulation are fundamental mechanisms in the progression 
of CP and must be targeted simultaneously for the best effect.

To test this hypothesis we used the trypsin-specific inhibitor 
camostat, as well as a Factor Xa–specific anticoagulation agent 
apixaban (Eliquis; Bristol-Myers Squibb Company) (Ki for Factor 
Xa 0.25 nM, trypsin >20,000 nM), either alone or in combination 
(Figure 8C). As shown in Figure 8, D–F, camostat and apixaban 
alone provided limited protection against pancreatitis; however, 
the combination of these 2 inhibitors significantly improved pan-
creatitis in these mice. The synergistic effects of antitrypsin com-
bined with anticoagulation therapy were further validated using 
camostat in combination with 2 other specific anticoagulants 
(Supplemental Figure 9). Collectively, the data suggest that target-
ing both trypsin and coagulation pathways is required for effective 
pancreatitis therapy.

Discussion
In this study, we generated several transgenic mice to express 
human WT PRSS1 and its mutant derivatives. Mice with human 
HP-related PRSS1R122H gene expression developed severe AP, 
which progressed to CP, recapitulating the pathogenesis of 
human HP. Increased trypsin activity is the key mechanism that 
makes PRSS1R122H mice more susceptible to pancreatitis. With this 
humanized model of pancreatitis, we further demonstrated that 
coagulation plays an important role in the pathogenesis of HP. 

Figure 7. Effective experimental therapeutics with an FDA- 
approved anticoagulation agent in PRSS1R122H mice. (A) Schema of 
pancreatitis induction and treatment in PRSS1R122H mice. Pancreatitis 
was induced by cerulein, and therapeutic drugs were administered 5 
hours after the first cerulein injection. (B) After 7 days of treatment, 
pancreata in the untreated control group became smaller. In con-
trast, pancreata in dabigatran-treated groups were mostly normal. 
Camostat only exhibited intermediate effects at higher does (300 
mg/kg). Both drugs were given twice daily for 7 days. Mean ± SEM 
(n = 10 per group). ***P < 0.001; 1-way ANOVA with Tukey’s multiple 
comparisons test. (C) Histology score evaluation showed that dabig-
atran significantly improved CP. Mean ± SEM (n = 10 per group). ***P 
< 0.001; 1-way ANOVA with Tukey’s multiple comparisons test. (D) 
Representative images of H&E staining after drug treatments over 7 
days (n = 10 per group). Scale bars: 200 μm.
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problems in one construct, we introduced the R122H mutation into 
a human BAC harboring the full-length human PRSS1 gene with 
an intact PRSS1 full-length promoter, all exons and introns, and 
the 3′-UTR for faithful replication of its expression as in humans. 
With this strategy, transgenic mice expressed the human HP-relat-
ed gene PRSS1R122H and developed severe AP which progressed to 
CP, recapitulating many characteristics of the human disease. By 
comparing with transgenic mice expressing WT PRSS1 and Dead-
PRSS1R122H, we established that it is the R122H mutation of PRSS1 
that makes the pancreas more susceptible to the development of 
severe pancreatitis and it is the increased trypsin activity, instead 
of mutation-caused protein misfolding, that we believe is the root 
cause of HP. Active trypsin may cause pancreatic acinar cell death 
through increased ER stress, oxidative DNA damage, upregulated 
DNA damage signaling, and p53-mediated cell apoptosis.

introduction of human PRSS1-equivalent mutations to the mouse 
form of trypsinogen will not mimic the biochemical phenotype 
observed in human PRSS1 mutations because of their different 
autoactivation properties and dissimilar regulation by chymotryp-
sin C (26–28). Therefore, human PRSS1, instead of mouse Prss1, 
should be used for transgenic expression. Second, the pancreas is 
specialized in synthesizing large quantities of digestive enzymes, 
including PRSS1. Previously, a short elastase gene promoter (≈500 
bp), which lacks many regulatory components, was commonly 
used to drive the transgenic expression of PRSS1; however it usu-
ally gives very low and unstable transgenic expression, as we and 
others have observed (56, 57). Third, the regulatory mechanisms 
of the PRSS1 promoter are not expected to be the same as those 
of the elastase gene. Therefore, the native PRSS1 promoter should 
be used for tight regulation of PRSS1 expression. To solve all these 

Figure 8. Anticoagulation and trypsin inhibition synergistically improved pancreatitis in PRSS1R122H mice. (A) Immunohistochemical analysis showed 
intrapancreatic fibrin deposition, an indicator of increased coagulation, in the pancreata of PRSS1R122H mice 24 hours after cerulein induction (n = 5). Scale 
bars: 200 μm. (B) Western blot showed that active thrombin significantly increased in the pancreata of PRSS1R122H mice compared with those from C57BL/6J 
mice. Representative blots from 3 independent experiments are shown. (C) Schema of pancreatitis induction and drug treatment with the anticoagulation 
specific agent (apixaban), trypsin specific inhibitor (camostat), or in combination. Starting 5 hours after pancreatitis induction, drugs were given twice daily 
by oral gavage over 7 days. (D) Combination of anticoagulation therapy with factor Xa inhibitor apixaban (100 mg/kg) and trypsin inhibitor camostat (200 
mg/kg) greatly protected the pancreas, as manifested by preservation of pancreas mass. Mean ± SEM (n = 15 per group). ***P < 0.001; 1-way ANOVA with 
Tukey’s multiple comparisons test. (E) Representative histologic images of H&E staining from untreated, apixaban alone, camostat alone, and combination 
therapy–treated mice (n = 15 per group). Scale bars: 200 μm. (F) Overall histology score evaluation of the mice. Mean ± SEM. Representative results from 6 
mice per group are shown. ***P < 0.001; 1-way ANOVA with Tukey’s multiple comparisons test.
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In summary, we developed a mouse model that recapitu-
lates the histologic features of human HP. This clinically relevant 
mouse model and the findings obtained from this study provide 
justification for clinical trials with the agents studied here.

Methods
Genetically engineered mice. In a human BAC (clone RP11-701D14, BACPAC 
Resources, UCSF Benioff Children’s Hospital) harboring the full-length 
human PRSS1 gene with an intact PRSS1 full-length promoter, all exons 
and introns, and the 3′-UTR, an R122H point mutation (PRSS1R122H) was 
introduced by 2 rounds of genetic targeting using GalK-mediated recombi-
neering (Figure 1A and ref. 29). Briefly, a prokaryotic expression em7-GalK 
cassette was PCR amplified from plasmid pGalK with R122 GalK F (CCG-
CATCCAGGTGAGACTGGGAGAGCACAACATCGAAGTCCTGGAGG-
GGAATGAGCAGTTCATCACCTGTTGACAATTAATCATCGGCA) and 
R122 GalK R (CGCCAGAGCTCGCAGTGTTGCCCCAGCCAGAGAT-
GAGGCACTTCGTGCCAGTGGCTGGAGGGGCGTCAGCACTGTCCT-
GCTCCTT), which contain GalK-specific sequences (underlined) and 
human PRSS1 homologous sequences of exon 3 (italics). The PCR prod-
uct was introduced into the SW102 strain of Escherichia coli harboring 
the PRSS1 BAC by electroporation. Successful insertion of the GalK 
gene into the BAC by recombination was selected using GalK-positive 
selection medium and further verified by PCR (29). The PRSS1 exon 3 
with the R122H mutation was PCR amplified from a cDNA plasmid with 
primers R122 cassette F (TGCCTGCCCTGCCCATCAGCCGCATC-
CAGGTGAGACTG) and R122 cassette R (GACTAAGGGTCCCACT-
CACCGCCAGAGCTCGCAGTGTTG). The PCR product was used to 
replace the GalK gene in exon 3 and introduce the R122H mutation. 
Positive clones were selected using GalK counter-selection medium, 
which eliminates GalK-positive clones. Successful introduction of 
R122H was verified by DNA sequencing.

The Dead-R122H construct was developed using similar GalK- 
mediated recombineering technology to introduce an S200T point 
mutation into the PRSS1R122H construct. The S200T mutation dis-
rupts the trypsin catalytic triad of PRSS1 and thus abolishes its 
activity (44). The primers used to introduce the GalK gene to exon 
5 of BAC-R122H were S200T GalK F (GCTATATTCCTCCTCCAT
CTCTCCATACAACTTGTCCCTTCTTCCCCCCAGGGTGACCT
GTTGACAATTAATCATCGGCA) and S200T GalK R (GCCATCAC-
CCCAGGAGACAACTCCTTGGAGCTGTCCATTGCAGACCACAG-
GGCCACTCAGCACTGTCCTGCTCCTT) (homologous arms are in 
italics and GalK primers are underlined). The S200T mutation was 
generated with overlapping PCR primers in which TCT (coding ser-
ine) was replaced with ACT (coding threonine): S200T F (GTAGC-
TATATTCCTCCTCCATCTCTCCATACAACTTGTCCCTTCTTC-
CCCCCAGGGTGATaCTGGTGGCCCTGTGGTCTGC) and S200T R 
(CAGCCATCACCCCAGGAGACAACTCCTTGGAGCTGTCCATTG-
CAGACCACAGGGCCACCAGtATCACCCTGGGGGGAAGAAG).

Transgenic mice were developed by pronuclear injection of the 
BAC clones. Positive transgenes were genotyped by PCR with primers 
R122 Veri F (CTGTCCATGAGCAGAGAGCTTGAG) and R122 Veri R 
(CAGTGCAGAGTCTGTGTGTAATG). All the mice were maintained 
in 12-hour light/12-hour dark cycles with free access to food and water. 
Sex- and age-matched mice were used in control and experimental 
groups. Mice, ages 2–8 months old, were used in the experiments 
unless otherwise specified in the figure legend. No phenotypic differ-
ences between sex and ages were noticed in the experiments.

At present, there is no proven pharmacologic entity to treat 
AP. Supportive care with i.v. fluids, bowel rest, and pain control 
are the mainstays of therapy. The management of CP is extreme-
ly challenging, and most patients remain symptomatic with pain, 
maldigestion, and diabetes, despite therapy. There are no effective 
procedures to stop the progression or reverse these symptoms (6). 
Despite the strong experimental evidence showing that trypsin is a 
key initiator of AP (58–60), more than 70 clinical trials performed 
over the past 40 years have provided no definitive proof that pro-
tease inhibitors alter the course of AP (61, 62). A likely explanation 
for this inconsistency is that other fundamental mechanisms impli-
cated in the progression of pancreatitis have yet to be discovered.

In recent years, it has been recognized that there is extensive 
cross-talk between coagulation and inflammation pathways (46, 
63). Activation of one system may amplify activation of the other. 
Inflammation causes endothelial damage, increased fibrinogen 
concentration, and tissue factor expression on the cell surface of 
leukocytes, upregulates both platelet count and platelet reactivity, 
and downregulates anticoagulation factors (47). Conversely, the tis-
sue factor/VIIa complex stimulates PAR-2 signaling, which induces 
release of inflammatory cytokines (48, 49). With the exception of 
coagulation, factor Xa and thrombin (factor IIa) are also involved 
in inflammation, predominantly mediated via the activation of pro-
teinase activated receptors (PARs). PAR-1, -3, and -4 are thrombin 
receptors. PAR-1 and PAR-2 can be activated by the TF–factor VIIa 
complex and factor Xa (50). PAR activation plays important roles 
in pancreatitis and other inflammatory diseases (51, 52). There-
fore, reciprocal interaction between coagulation and inflammation 
forms a positive feedback loop which may result in tissue damage or 
even lethal multi-organ failure — a condition frequently observed 
in severe AP. Indeed, coagulation abnormalities were observed in 
AP and are related to its severity (53). In our animal models, we 
observed increased active thrombin and fibrin deposition in the 
intercellular spaces, suggesting abnormal activation of coagulation. 
Yet, despite the observation that coagulation may play a role in the 
development of pancreatitis, clinical trials using anticoagulation 
drugs alone resulted in only limited benefits (54, 55).

In an experimental therapeutic endeavor, we used our severe 
R122H pancreatitis mouse model to evaluate the preventive and 
therapeutic significance of several compounds that inhibit the 
activity of trypsin. These compounds include camostat, which is 
a selective trypsin inhibitor (trypsin Ki 37 nM, thrombin Ki 570 
nM), and dabigatran, which is primarily a thrombin inhibitor (Ki 
4.5 nM), but also exerts the ability to inhibit trypsin activity (Ki 50 
nM). In a therapeutic study, each of the drugs was administered 
once following the last dose of caerulein, then mice were given 
each of the drugs for an additional 6 days. Interestingly, dabiga-
tran which inhibits both trypsin and coagulation, showed a supe-
rior therapeutic potential compared with camostat which only 
inhibits trypsin. These data suggests that targeting both trypsin 
inhibition and anticoagulation may be required for effective AP 
therapy. This hypothesis was strongly supported by the findings 
that the combination of the trypsin specific inhibitor and antico-
agulation specific agents can synergistically improve pancreatitis 
and prevent its progression to CP. The underlying mechanisms of 
coagulation pathways in pancreatitis pathogenesis deserve more 
extensive and intensive investigation in future studies.
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from MilliporeSigma. The anti-BAX rabbit polyclonal (catalog 2772s; 
1:1000), anti-phospho-Histone H2A.X (Ser139) (clone 20E3) rabbit 
monoclonal (catalog 9718s: 1:1000), anti-phospho-Chk1 (Ser345) 
(clone 133D3) rabbit monoclonal (catalog 2348s; 1:1000), CHOP 
(clone L63F7) mouse monoclonal (catalog 2895; 1:1000), and Bip 
(clone C50B12) rabbit monoclonal (catalog 3177; 1:1000) antibodies 
were purchased from Cell Signaling. The anti-thrombin rabbit poly-
clonal (catalog ab83981; 1:500) and anti-p53 rabbit polyclonal (catalog 
ab31333; 1:500) antibodies were purchased from Abcam.

Histologic analysis. Pancreas tissue was fixed in 10% neutral buff-
ered formalin, embedded in paraffin, sectioned into 4-μm thick sec-
tions, and stained with H&E. Histology scores were evaluated in a 
blind manner (Supplemental Table 2).

Immunohistochemistry. Formalin-fixed, paraffin-embedded pan-
creas tissue was sectioned at 4-μm thickness. Immunohistochemical 
staining was performed on the Dako Autostainer System (Agilent) 
according to the manufacturer’s instructions. The anti-CD11b (clone 
EPR1344) rabbit monoclonal (catalog ab133357; 1:2000), anti-p53 
rabbit polyclonal (catalog ab31333; 1:400), anti-p65 rabbit polyclon-
al (catalog ab16502; 1:400), anti-fibrinogen rabbit polyclonal (cata-
log ab34269; 1:1000) antibodies were purchased from Abcam. The 
anti-F4/80 (clone BM8) rat monoclonal (catalog sc-52664; 1:250), 
8-OHdG rabbit polyclonal (catalog sc-139586; 1:80) antibodies were 
obtained from Santa Cruz. The anti-Gr-1 (clone RB6-8C5) rat mono-
clonal (catalog 14-5931-82; 1:100) antibody was purchased from Ther-
mo Fisher Scientific. The anticleaved caspase 3 rabbit polyclonal (cat-
alog 9661s; 1:500) antibody was obtained from Cell Signaling.

TUNEL assay. Formalin-fixed, paraffin-embedded pancreas tis-
sue sections (4-μm thick) were deparaffinized and rehydrated. After 
permeabilization with proteinase K solution, the tissue was refixed 
with formalin and equilibrated with the equilibration buffer. Then, 
sections were incubated for TUNEL staining using the DeadEnd Flu-
orometric TUNEL System (catalog G3250; Promega). Next, sections 
were mounted and counterstained with VECTASHIELD + DAPI (cat-
alog H-1200; Vector Laboratories) for 15 minutes at room tempera-
ture. Sections incubated with rTdT incubation buffer (without rTdT 
enzyme) were used as the negative controls and sections treated with 
DNase I were used as the positive controls.

Morphologic analysis. All measurements were performed using 
Image-Pro Plus version 7.0.1 software (Media Cybernetics). Histologic 
evaluation of pancreas tissue was assessed on consecutive microscop-
ic fields. Data were averaged and the results were expressed as the 
number of intranuclear positive areas per field.

Statistical analysis. All data were expressed as mean ± SEM. Cal-
culations were performed using GraphPad Prism 6.0. Two-tailed 
unpaired Student’s t test was used for comparisons between 2 groups. 
One-way or 2-way ANOVA was used for multiple group comparisons, 
and significant differences among the groups were assessed using 
Tukey’s multiple comparisons test. Statistical significance levels are 
indicated as: *P < 0.05; **P < 0.01; ***P < 0.001.

Study approval. All animal experiments were approved by the 
IACUC at Mayo Clinic.

Author contributions
FG, YZ, and JW coordinated the project and were involved in most 
experiments including data collection and statistical analysis. The 
order of the co–first authors was assigned based on the relative con-

Cerulein-induced AP model. Cerulein-induced AP models were 
developed as previously described, with modification (34). Briefly, 
cerulein (catalog CCKS-001; CPC Scientific) was dissolved in nor-
mal saline and administered by i.p. injections at a dose of 50 μg/kg 
per injection. Twenty-four hours after the first cerulein injection, mice 
were sacrificed and blood was collected for measurement of serum 
amylase levels. The pancreas was harvested for the determination of 
pancreas wet weight-to-body weight ratio as a measure of pancreatic 
edema or pancreas size.

Experimental therapeutic study. CP was induced by 6 intraperitone-
al injections of 50 μg/kg cerulein administered every hour on the first 
day (34). Seven days after the cerulein injections, mice were humanely 
euthanized via CO2 inhalation and the pancreas was harvested for histo-
logic and immunohistochemical analysis. For therapeutic studies, mice 
were randomly assigned into groups and treated by oral administra-
tion with vehicle (25% Captisol in normal saline; catalog RC-0C7-K01; 
Ligand Pharmaceuticals Inc.) or camostat mesylate (catalog sc-203867; 
Santa Cruz), dabigatran etexilate mesylate (catalog D100150; Toronto 
Research Chemicals), apixaban (catalog QC-7598-001; Combi Blocks), 
Rivaroxaban (catalog QA-2934-001; Combi Blocks), or by i.p. injection 
with Argatroban (catalog A769000; Toronto Research Chemicals). 
Drug treatment began 5 hours after the first cerulein injection, twice 
daily over 7 days. Twelve hours after the final dose, mice were humanely 
euthanized and pancreata were harvested for analysis.

l-arginine–induced AP model. l-arginine–induced AP models were 
developed as previously described (64). Briefly, a sterile 8% (wt/vol) 
solution of l-arginine was prepared in normal saline and the pH was 
adjusted to 7.0; it was then administered intraperitoneally to mice at 
4 g/kg (twice, at time 0 and 1 hour later). Seventy-two hours after the 
first l-arginine injection, mice were humanely euthanized and pan-
creata were harvested for analysis.

Real-time qPCR. Total RNA was extracted from mouse pancreas 
(30–40 mg tissue) using the RNeasy Plus Mini Kit (Qiagen). RNA (1 μg) 
was reverse transcribed to complementary DNA using the Go Script 
RT kit (catalog A5003; Promega). qPCR was done using PowerUp 
SYBR Green Master Mix (catalog A25742; Applied Biosystems). Prim-
er information is included in Supplemental Table 1.

Trypsin activity assay. Trypsin activity was assessed using the tryp-
sin activity colorimetric assay kit (catalog ab102531; Abcam) accord-
ing to the manufacturer’s instructions. Briefly, small pieces of tissue 
(40–50 mg) were homogenized in 1 mL trypsin assay buffer and cen-
trifuged at 13,000g for 10 minutes at 4°C. The total protein concen-
tration of the supernatant was measured by BCA analysis, which was 
then used for the trypsin activity test.

Serum amylase activity. Serum amylase activity was measured in 
an aliquot of 10 μL serum from each mouse using the Phadebas amy-
lase test (Pharmacia Diagnostics) according to the manufacturer’s 
instructions. Mixed arteriovenous blood was centrifuged at 1500g for 
10 minutes at 4°C. After centrifugation, the plasma was used for mea-
surement of amylase.

Western blot. Total pancreatic lysates were prepared by homoge-
nizing the pancreata in SDS-containing sample buffer. Lysates were 
subjected to SDS-PAGE and transferred onto a PVDF membrane. The 
blots were incubated with primary antibodies and processed using 
standard protocols. The anti-PRSS1 rabbit polyclonal antibody (cata-
log AP10735c; 1:1000) was purchased from Abgent. The anti-GAPDH  
rabbit polyclonal antibody (catalog G8795; 1:5000) was obtained 
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