
AWARD NUMBER:   W81XWH-20-1-0134 

TITLE:   Authentic Mouse Model of PRSS1-Related Hereditary Pancreatitis 

PRINCIPAL INVESTIGATOR:  Miklos Sahin-Toth, MD, PhD  

CONTRACTING ORGANIZATION: University of California, Los Angeles, CA 

REPORT DATE: June 2023 

TYPE OF REPORT:   Final 

PREPARED FOR:   U.S. Army Medical Research and Development Command 
 Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release 
  Distribution Unlimited 

The views, opinions and/or findings contained in this report are those of the author(s) and should 
not be construed as an official Department of the Army position, policy or decision unless so 
designated by other documentation. 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE
June 2023 

2. REPORT TYPE
Final  

3. DATES COVERED
01Mar2020-28Feb2023 

4. TITLE AND SUBTITLE

Authentic Mouse Model of PRSS1-Related Hereditary Pancreatitis 

5a. CONTRACT NUMBER 
W81XWH-20-1-0134 
5b. GRANT NUMBER 
PR192583 
5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)
Miklos Sahin-Toth 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

E-Mail: msahintoth@mednet.ucla.edu
5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

University of California, Los Angeles 
Office of Research Administration 
10889 Wilshire Blvd Ste 700 
Los Angeles, CA 90095-0001 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Development Command 
Fort Detrick, Maryland  21702-5012 11. SPONSOR/MONITOR’S REPORT

NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited 

13. SUPPLEMENTARY NOTES

14. ABSTRACT
Inroduction. The most frequent cause of hereditary pancreatitis is the p.R122H mutation in the serine protease 1 (PRSS1) 
gene, which encodes human cationic trypsinogen. This mutation renders trypsinogen resistant to protective degradation by 
chymotrypsin and thereby results in elevated intrapancreatic trypsin activity that elicits pancreatitis. 
Methods. We introduced the p.R123H mutation, which is analogous to human PRSS1 mutation p.R122H, in the mouse cationic 
trypsinogen (isoform T7) and characterized the severity of experimentally induced pancreatitis in the novel T7R123H mice. 
Results. The T7R123H knock-in mouse strain developed no spontaneous pathology in the pancreas or elsewhere. When 
pancreatitis was induced experimentally by cerulein injections, T7R123H mice exhibited similar intrapancreatic trypsin activation 
and disease severity as C57BL/6N control mice treated in the same manner. Sustained stimulation with cerulein, however, 
resulted in more severe chronic pancreatitis in T7R123H mice than in C57BL/6N controls. 
Conclusion. The observations indicate that T7R123H mice exhibit more severe experimental pancreatitis in case of persistent 
pancreatic injury. The findings are consistent with the proposed pathogenic role of the p.R122H trypsinogen mutation in humans. 

15. SUBJECT TERMS
None listed.

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT

18. NUMBER
OF PAGES

19a. NAME OF RESPONSIBLE PERSON 
USAMRDC 

a. REPORT

Unclassified

b. ABSTRACT

Unclassified

c. THIS PAGE

Unclassified
    Unclassified 

23 19b. TELEPHONE NUMBER (include area 
code) 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18



TABLE OF CONTENTS 

Page 

1. Introduction 4 

2. Keywords 4 

3. Accomplishments 4 

4. Impact 10 

5. Changes/Problems 10 

6. Products 10 

7. Participants & Other Collaborating Organizations 10 

8. Special Reporting Requirements 11 

9. Appendices 12 



4 

1. INTRODUCTION

The most frequent cause of hereditary pancreatitis is the p.R122H mutation in cationic trypsinogen (PRSS1). This 
mutation renders trypsinogen resistant to protective degradation by chymotrypsin and thereby results in elevated 

intrapancreatic trypsin activity. High intrapancreatic trypsin levels 
drive pancreatitis onset and progression. Although PRSS1-related 
hereditary pancreatitis is a relatively rare disease, it is one of the 
best understood forms of human pancreatitis at the mechanistic 
level and thus it represents a paradigm for this potentially severe 
inflammatory disorder. Therefore, understanding how PRSS1 
mutation p.R122H initiates pancreatitis should offer essential 
insight into the pathogenesis of all forms of human chronic 
pancreatitis. In our work funded by this grant award, we generated 
a novel mouse model of PRSS1-related hereditary pancreatitis. 
The T7R123H mice carry the p.R123H mutation in mouse cationic 
trypsinogen (isoform T7). Mutation p.R123H in mouse cationic 
trypsinogen is analogous to mutation p.R122H in human cationic 
trypsinogen. The original PI of the grant, Dr. Zsanett Jancso, has 
left UCLA, and the project was taken over and completed by the 
new PI, Dr. Miklos Sahin-Toth as of 08/31/2021. 

2. KEYWORDS: pancreas, trypsinogen activation, digestive
protease, cerulein, acute pancreatitis, chronic pancreatitis,
hereditary pancreatitis, preclinical mouse model

3. ACCOMPLISHMENTS

What were the major goals of the project?

Specific Aim 1: Generate new knock-in mouse strain with 
mutated T7 cationic trypsinogen in the C57BL/6 background, 
carrying mutation p.R123H, which correspond to mutation 
p.R122H in human cationic trypsinogen (PRSS1).

Major Task 1: Generate knock-in strain with mutated T7 
trypsinogen gene. 

Major Task 2: Trypsinogen expression analyses. 

Specific Aim 2: Experiments to assess spontaneous 
pancreatitis and increased susceptibility to experimental 
pancreatitis. 

Major Task 3: Experiments to assess spontaneous pancreatitis. 

Major Task 4: Investigation of susceptibility to experimental 
acute pancreatitis. 

Major Task 5: Investigation of susceptibility to experimental 
chronic pancreatitis. 

Major Task 6: Evaluation of intrapancreatic trypsin activity. 

What was accomplished under these goals? 

Both Specific Aims have been completed and the results have been published: 
Jancsó Z, Morales Granda NC, Demcsák A, Sahin-Tóth M. Mouse model of PRSS1 p.R122H-related hereditary 
pancreatitis highlights context-dependent effect of autolysis-site mutation. Pancreatology 2023, 23:131-142. 

Figure 1. Generation of trypsinogen mutant mice 
and analysis of pancreatic trypsinogen expression. 
A, Homologous recombination-based targeting 
strategy to create T7R123H trypsinogen mutant 
mice. Red boxes indicate exons, the thick blue 
lines represent the homology arms. The p.R123H 
mutation was knocked-in to exon 3 together with 
a neomycin resistance gene (Neo) flanked by loxP 
sites (green arrowheads) in intron 2. The Neo 
cassette was removed by breeding with a Cre-
deleter strain. B, Expression of T7 trypsinogen 
protein in the pancreas of C57BL/6N and 
T7R123H mice. Western blot analysis of pancreas 
homogenates was performed with a T7-specific 
polyclonal antibody. ERK1/2 was measured as 
loading control. C, Total trypsinogen and 
chymotrypsinogen content was measured from 
pancreas homogenates of C57BL/6N and 
T7R123H mice. Results were expressed as percent 
of the mean C57BL/6N value. Mean values with 
standard deviation (n=3) are shown. 
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Specific Aim 1, Major Tasks 1 and 2. 

To test the effect of p.R123H in vivo, we created a novel knock-in mouse strain carrying the mutation in the native 
T7 trypsinogen locus of C57BL/6N mice (Figure 1A). Genetic modification was achieved using homologous 
recombination. Homozygous T7R123H mice had no obvious phenotype; they were indistinguishable from wild-
type C57BL/6N mice. Macroscopic and microscopic morphology of the pancreas from 1-year-old T7R123H mice 
were normal, with no signs of spontaneous pathology. Western blot analysis of pancreas homogenates indicated 
comparable expression of T7 trypsinogen in C57BL/6N and T7R123H mice (Figure 1B). Measurement of total 
trypsinogen and chymotrypsinogen content in the pancreas from C57BL/6N and T7R123H mice revealed no 
differences either (Figure 1C). 

Specific Aim 2, Major Tasks 3 and 4. 
Since the T7R123H mice developed no spontaneous 
pancreas disease, we induced acute pancreatitis in 
C57BL/6N and T7R123H mice by 10 hourly 
injections of cerulein (50 μg/kg dose). Mice were 
euthanized 1 hour after the last injection. We found 
significant pancreas edema in cerulein-treated mice 

relative to saline-treated controls, as judged by the pancreas weight and pancreas water content (Figures 2A and 
B). Similarly, plasma amylase (Figure 2C) and pancreatic myeloperoxidase (MPO) content (Figure 2D) were 
markedly increased in mice given cerulein versus saline. When the inflammatory response of C57BL/6N and 
T7R123H mice were compared, all parameters were slightly higher in T7R123H mice but the difference reached 
statistical significance only for pancreatic water content. To evaluate the effect of sustained overstimulation 
with cerulein on pancreatic edema, we treated mice with 8 hourly cerulein injections on 2 consecutive days, and 
euthanized the animals 30 min after the last injection. The pancreas of cerulein-treated T7R123H mice was visibly 
more edematous (not shown) than those of C57BL/6N mice, and this significant difference was also evident when 
pancreas weights were compared (Figure 3). Histological analysis of pancreas sections of mice given 10 cerulein 
injections by hematoxylin-eosin staining (Figure 4A) also showed slightly stronger pancreatitis scores in 
T7R123H versus C57BL/6N mice for edema (Figure 4B), inflammatory cells (Figure 4C), and acinar cell necrosis 
(Figure 4D). The difference in inflammatory cell infiltration was statistically significant. Taken together, the 
results indicate that T7R123H mice develop slightly more severe cerulein-induced AP than the C57BL/6N parent 
strain. 

Figure 2. Cerulein-induced acute pancreatitis in T7R123H 
mice. C57BL/6N and T7R123H mice were given 10 hourly 
injections of saline or cerulein. Mice were euthanized 1 h after 
the last injection. A, Pancreas weight normalized to body 
weight. B, Pancreatic water content. C, Plasma amylase 
activity. D, Pancreatic myeloperoxidase (MPO) content. 
Individual data points with mean and standard deviation are 
shown. The difference of means was analyzed by one-way 
ANOVA followed by Tukey’s post-hoc analysis. 
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Specific Aim 2, Major Task 5. 
We and others previously found that trypsinogen mutant mice develop progressive pancreatitis after a cerulein-
induced acute episode while the pancreas of C57BL/6N mice recovers quickly. Pancreatitis progression in mutant 
mice is characterized by extensive acinar atrophy, fibrosis, and inflammatory cell infiltration, all features of 
chronic pancreatitis. Histological recovery is delayed, and often incomplete. To test whether T7R123H mice 
would develop chronic pancreatitis after an acute episode, we treated mice with 8 hourly injections of cerulein on 
2 consecutive days and euthanized the animals 3 days after the last injection. Histological analysis of pancreas 
sections showed essentially normal acinar tissue in C57BL/6N mice, indicating complete recovery from the 
cerulein-induced AP (Figure 5A). In contrast, pancreas sections from some T7R123H mice revealed areas of 

Figure 4. Histology of cerulein-induced acute pancreatitis in T7R123H mice. C57BL/6N 
and T7R123H mice were given 10 hourly injections of saline or cerulein. Mice were 
euthanized 1 h after the last injection. A, Representative hematoxylin-eosin-stained 
pancreas sections. The scale bar corresponds to 100 µm (top four panels) and 50 µm 
(bottom two enlargements). B,C,D, Histology scoring of pancreas sections for edema (B), 
inflammatory cell infiltration (C), and acinar cell necrosis (D). Individual data points were 
graphed with the means and standard deviation indicated. The difference of means 
between two groups was analyzed by two-tailed unpaired t-test. 
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chronic pancreatitis. Scoring of multiple sections for intact acini indicated no significant dropout in C57BL/6N 

mice (n=10), whereas 6 of 15 (40%) T7R123H mice showed measurable acinar atrophy, with 2 mice exhibiting a 
complete response (Figure 5B). The results indicate that T7R123H mice are somewhat prone to develop 
progressive chronic pancreatitis after cerulein-induced acute pancreatitis; however, the penetrance is relatively 
low, not nearly as robust as in the previously published trypsinogen mutant strains. 

Specific Aim 2, Major Task 6: Evaluation of intrapancreatic trypsin activation. 

We measured trypsin (Figure 6A) and chymotrypsin (Figure 6B) activity from freshly prepared pancreas 
homogenates 30 min after a single cerulein injection (50 μg/kg dose). We typically use this early time point to 

Figure 5. Cerulein-induced chronic pancreatitis in T7R123H mice. C57BL/6N and 
T7R123H mice were given 8 hourly injections of saline or cerulein on 2 consecutive 
days. Mice were euthanized 3 days after the last injection (on day 5). A, Representative 
hematoxylin-eosin stained pancreas sections. The scale bar corresponds to 50 µm. B, 
Histology scoring of pancreas sections for intact acini. Individual data points were 
graphed with the mean and standard deviation indicated. The difference of means 
between two groups was analyzed by two-tailed unpaired t-test. 
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evaluate intrapancreatic protease activation because the acinar tissue is still relatively intact, unaffected by 
inflammation. Relative to saline-injected mice, significantly increased trypsin and chymotrypsin activity was 
observed in the pancreas of cerulein-treated mice, however, no difference was apparent between the C57BL/6N 
and T7R123H strains. 

To evaluate the effect of more sustained overstimulation with cerulein on intrapancreatic trypsin and 
chymotrypsin activity, we treated mice with 8 hourly cerulein injections on 2 consecutive days, and euthanized 
the animals 30 min after the last injection. Under these conditions, intrapancreatic trypsin activity of cerulein-
treated T7R123H mice was significantly higher than those of cerulein-treated C57BL/6N controls (Figure 7A), 
while chymotrypsin activity showed a similar trend without statistical significance (Figure 7B). 

Methods 

Generation of the T7R123H mouse strain. Model generation was performed in the C57BL/6N genetic 
background (Cyagen, Santa Clara, CA). The final T7R123H knock-in allele contained the c.368_369GA>AC 
(p.R123H) mutation in exon 3 of the mouse cationic trypsinogen gene and a 113 nt residual “scar” sequence in 
intron 2, between positions c.204-417 and c.204-416. T7R123H mice were bred to homozygosity, and were 

Figure 6. Cerulein-induced intrapancreatic 
protease activation in T7R123H mice. 
C57BL/6N and T7R123H mice were given a 
single saline or cerulein injection, and the mice 
were euthanized 30 min later. Trypsin (A) and 
chymotrypsin (B) activity were measured from 
freshly prepared pancreas homogenates. 
Individual values with the mean and standard 
deviation were plotted. The difference of means 
was analyzed by one-way ANOVA followed by 
Tukey’s post-hoc analysis. 
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maintained in this state. C57BL/6N mice obtained from Charles River Laboratories (Wilmington, MA) or 
produced in our breeding facility from the same stock were used as experimental controls. Both male and female 
mice were studied. 

Western blotting. Pancreas tissue (30 mg) was homogenized in 300 µL phosphate-buffered saline (pH 7.4) 
containing Halt Protease and Phosphatase Inhibitor Cocktail (from 100× stock, catalog number 78440, Thermo 
Scientific) and 20 µg total protein of the cleared lysate was loaded per well. Mouse T7 trypsinogen was detected 
using an in-house rabbit polyclonal antibody (1:10,000 dilution). As loading control, mouse ERK1/2 was 
measured using a rabbit monoclonal antibody (catalog number 4695, Cell Signaling Technology, Danvers, MA) 
at a dilution of 1:1,000. The horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody was used 
at a dilution of 1:10,000 (catalog number 31460, Thermo Scientific). 

Measurement of pancreatic protease zymogen content. Pancreas tissue (40 mg) was homogenized in 400 μL 
20 mM Na-HEPES (pH 7.4), and centrifuged at 850g, for 10 min, at 4°C. The supernatant was then used to 
determine levels of trypsinogen and chymotrypsinogen by measuring their enzyme activity after maximal 
activation. Protease zymogen content was expressed as percent of the average activity values from C57BL/6N 
mice. 

Cerulein-induced acute pancreatitis. Cerulein (catalog number C9026, Sigma-Aldrich, St. Louis, MO) was 
dissolved in normal saline, filter-sterilized, and administered in a supramaximal stimulatory dose of 50 µg/kg. 
C57BL/6N and homozygous T7R123H mice (11-12 weeks of age) were given 10 hourly injections of cerulein, 
and the animals were euthanized 1 hour after the last injection. Alternatively, where indicated, mice were treated 
with 8 hourly injections of cerulein on two consecutive days, and euthanasia was performed 30 min after the last 
injection on the second day. Control mice were treated with saline injections. Blood and pancreas tissue were 
harvested for analysis. 

Cerulein-induced chronic pancreatitis. C57BL/6N and homozygous T7R123H mice (11-12 weeks of age) were 
treated with 8 hourly injections of cerulein on two consecutive days (50 µg/kg dose). Control mice were given 
saline injections. Mice were euthanized 3 days after the last injection (on day 5). 

Cerulein-induced intrapancreatic protease activity. C57BL/6N and homozygous T7R123H mice (11-12 weeks 
of age) were treated with a single injection of cerulein (50 µg/kg dose) and euthanized 30 min later. Alternatively, 
where indicated, mice were treated with 8 hourly injections of cerulein on two consecutive days, and euthanized 
30 min after the last injection on the second day. Control mice were given saline injections. Intrapancreatic trypsin 
and chymotrypsin activity was measured from freshly prepared pancreas homogenates. Activity was expressed 
as the rate of substrate cleavage in relative fluorescent units (RFU) per second, normalized to the total protein 
concentration in mg unit. 

Pancreatic water content. Tissue edema was estimated by measuring the water content of the pancreas. A portion 
of the pancreas (50-100 mg) was weighed (wet weight), desiccated for 72 hours at 65oC, and weighed again (dry 
weight). Water content was calculated as the difference between the dry and wet weights, expressed as percent of 
the wet weight. 

Plasma amylase measurement. Enzyme activity of amylase was determined from 1 μL blood plasma, using the 
2-chloro-p-nitrophenyl-α-D-maltotrioside substrate. The rate of substrate cleavage was expressed in mOD/min
unit.

Pancreas myeloperoxidase (MPO) content. Measurement of MPO levels in pancreas homogenates was carried 
out with a commercial ELISA kit (catalog number HK210-01, Hycult Biotech, Plymouth Meeting, PA). MPO 
concentrations were normalized to the total protein concentration, and expressed in ng MPO/mg protein unit. 

Histology. Pancreas tissue was fixed in 10% neutral buffered formalin, paraffin-embedded, sectioned, and stained 
with hematoxylin-eosin. 

Statistics. Experimental data were graphed as individual points with the mean and standard deviation values 
indicated. The difference of means between 2 groups was analyzed by two-tailed unpaired t-test. The difference 
of means between 4 groups was assessed by one-way ANOVA followed by Tukey’s post-hoc analysis. P < .05 
was considered statistically significant. 
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What opportunities for training and professional development has the project provided? 

Nothing to Report. 

How were the results disseminated to communities of interest? 

Results were published in the journal Pancreatology (Jancsó Z, Morales Granda NC, Demcsák A, Sahin-Tóth M. 
Mouse model of PRSS1 p.R122H-related hereditary pancreatitis highlights context-dependent effect of autolysis-
site mutation. Pancreatology 2023, 23:131-142). 

Describe briefly what you plan to do during the next reporting period to accomplish the goals and 
objectives. 

Nothing to Report. 

4. IMPACT

What was the impact on the development of the principal discipline(s) of the project?

This is the first mouse model of PRSS1 p.R122H-related hereditary pancreatitis that utilized a knock-in approach 
rather than a transgenic design. We found that T7R123H mice, harboring the analogous p.R123H mutation, 
exhibited increased intrapancreatic trypsin activity and more severe acute pancreatitis than C57BL/6N mice, after 
sustained treatment with cerulein. Furthermore, T7R123H mice developed chronic pancreatitis after the acute 
pancreatitis episode, but with incomplete penetrance. The findings reinforce the pathogenic model of PRSS1 
p.R122H-associated hereditary pancreatitis, where mutation p.R122H blocks chymotrypsin-dependent
trypsinogen degradation, and thereby increases trypsinogen autoactivation, and intrapancreatic trypsin activity.

What was the impact on other disciplines? 

Nothing to Report. 

What was the impact on technology transfer? 

Nothing to Report. 

What was the impact on society beyond science and technology? 

Nothing to Report. 

5. CHANGES/PROBLEMS:

Nothing to report.

6. PRODUCTS:

Publication: Jancsó Z, Morales Granda NC, Demcsák A, Sahin-Tóth M. Mouse model of PRSS1 p.R122H-
related hereditary pancreatitis highlights context-dependent effect of autolysis-site mutation. Pancreatology 2023, 
23:131-142. 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name:  Miklos Sahin-Toth, MD, PhD 
Project Role: PI from 08/31/2021 
Researcher Identifier (ORCID ID):  0000-0003-4513-9922 
Nearest person month worked:  2 
Contribution to Project:  PI, Dr. Sahin-Toth replaced Dr. Jancso when she left UCLA. 
Funding Support:  N/A 

Name:  Alexandra Demcsak, MD, PhD 
Project Role:  post-doctoral scholar 
Researcher Identifier (ORCID ID):  0000-0002-5391-6931 
Nearest person month worked:  1 
Contribution to Project:  Dr. Demcsak performed mouse experiments. 
Funding Support:  N/A 
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Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last 
reporting period? 

Nothing to Report. 

What other organizations were involved as partners? 

Nothing to Report. 

8. Special Reporting Requirements: N/A.

9. Appendices :

Publication: Jancsó Z, Morales Granda NC, Demcsák A, Sahin-Tóth M. Mouse model of PRSS1 p.R122H-related 
hereditary pancreatitis highlights context-dependent effect of autolysis-site mutation. Pancreatology 2023, 
23:131-142. 
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Mutation p.R122H in human cationic trypsinogen (PRSS1) is the most frequently identified cause of
hereditary pancreatitis. The mutation blocks protective degradation of trypsinogen by chymotrypsin C
(CTRC), which involves an obligatory trypsin-mediated cleavage at Arg122. Previously, we found that
C57BL/6N mice are naturally deficient in CTRC, and trypsinogen degradation is catalyzed by chymo-
trypsin B1 (CTRB1). Here, we used biochemical experiments to demonstrate that the cognate p.R123H
mutation in mouse cationic trypsinogen (isoform T7) only partially prevented CTRB1-mediated degra-
dation. We generated a novel C57BL/6N mouse strain harboring the p.R123H mutation in the native T7
trypsinogen locus. T7R123H mice developed no spontaneous pancreatitis, and severity parameters of
cerulein-induced pancreatitis trended only slightly higher than those of C57BL/6N mice. However, when
treated with cerulein for 2 days, more edema and higher trypsin activity was seen in the pancreas of
T7R123H mice compared to C57BL/6N controls. Furthermore, about 40% of T7R123H mice progressed to
atrophic pancreatitis in 3 days, whereas C57BL/6N animals showed full histological recovery. Taken
together, the observations indicate that mutation p.R123H inefficiently blocks chymotrypsin-mediated
degradation of mouse cationic trypsinogen, and modestly increases cerulein-induced intrapancreatic
trypsin activity and pancreatitis severity. The findings support the notion that the pathogenic effect of
the PRSS1 p.R122H mutation in hereditary pancreatitis is dependent on its ability to defuse
chymotrypsin-dependent defenses.
© 2023 IAP and EPC. Published by Elsevier B.V. All rights reserved.
1. Introduction

Hereditary chronic pancreatitis (CP) is a dominantly inherited
inflammatory disorder of the pancreas, typically caused by het-
erozygous mutations in the serine protease 1 (PRSS1) gene that
codes for human cationic trypsinogen [1e4]. Mutation p.R122Hwas
the first PRSS1 variant identified in hereditary pancreatitis families,
and it remains the most frequently detected genetic lesion in this
disease. To date, 1327 pancreatitis patients carrying a heterozygous
p.R122H mutation have been reported in the literature, which ac-
counts for 67% of all missense PRSS1mutations found in association
with hereditary and idiopathic CP. Mutation p.R122H changes
Arg122 to His and thereby eliminates a trypsin-sensitive cleavage
site, a so-called autolytic site, on the surface of cationic trypsinogen
and trypsin. Trypsin-mediated, autocatalytic cleavage at Arg122
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was first observed in preparations of bovine cationic trypsin [5],
and later confirmed in the porcine [6], rat [7,8], mouse [9], and
human [10e12] orthologs. Whitcomb et al. (1996) hypothesized
that the p.R122H mutation exerted its pathogenic effect in hered-
itary CP by stabilizing human cationic trypsin against autocatalytic
degradation [1]. V�arallyai et al. (1998) was the first to test this
notion by mutating Arg122 in rat anionic trypsin [13]. In their ex-
periments, the p.R122N replacement stabilized trypsin against
autocatalytic inactivation, and the authors proposed that cleavage
at Arg122 destabilizes trypsin and facilitates extensive proteolysis
at multiple cleavage sites, resulting in degradation. Subsequent
biochemical studies focused on the role of Arg122 in the degrada-
tion of human cationic trypsinogen and trypsin, yielding intriguing
results and a plausible mechanism of action for the p.R122H mu-
tation in hereditary CP.

We found that the Arg122-Val123 peptide bond in human
cationic trypsinogen and trypsin is thermodynamically stable, and
its cleavage leads to an equilibrium mixture of cleaved and intact
forms, due to trypsin-mediated re-synthesis of the peptide bond
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[12,14]. The rate of cleavage at Arg122 is much more rapid in
trypsinogen than in trypsin [14], suggesting that pancreatic defense
mechanisms against high trypsin activity likely work through
trypsinogen degradation rather than elimination of active trypsin.
Due to the unusual stability of the Arg122 site, trypsin-mediated
degradation of human cationic trypsinogen is inefficient, and re-
quires a chymotrypsin C (CTRC)-mediated cleavage at Leu81
[14e17]. Mutation p.R122H blocks CTRC-mediated trypsinogen
degradation primarily by eliminating autolytic cleavage at Arg122
but also by reducing the rate of CTRC-mediated cleavage at Leu81.
When autoactivation of wild-type and p.R122H mutant cationic
trypsinogen was compared, the mutant autoactivated slightly (1.5-
fold) faster than wild-type, reaching similar final trypsin activity
values [16,18]. When the same experiment was performed in the
presence of CTRC, the mutant trypsinogen autoactivated at an
increased rate and tomuch higher trypsin levels than the wild-type
did [16]. These observations support a disease model, where the
p.R122H mutation causes high intrapancreatic trypsin activity and
pancreatitis by blocking protective, chymotrypsin-dependent
degradation of human cationic trypsinogen.

Previously, we demonstrated that C57BL/6N mice are naturally
deficient in CTRC [19], and genetic deletion of the major chymo-
trypsinogen isoform CTRB1 resulted in higher cerulein-induced
intrapancreatic trypsin activity, and more severe pancreatitis
[20,21]. The results indicated that CTRB1-dependent trypsinogen
degradation is protective in murine pancreatitis. Consistently with
this interpretation, biochemical experiments showed that CTRB1
cleaved mouse anionic and cationic trypsinogens, and thereby
curbed their activation [9,20,21]. In the present study, we knocked
in the p.R123H mutation, which corresponds to PRSS1 p.R122H, to
the native mouse cationic trypsinogen (isoform T7) locus. We
speculated that mutation p.R123H would inhibit CTRB1-mediated
degradation, increase intrapancreatic trypsin activity, and cause
spontaneous pancreatitis or worsen the severity of experimentally-
induced pancreatitis. The results presented below suggest a more
nuanced picture, highlighting the context-dependent effect of
mutation p.R122H in hereditary CP.

2. Methods

Accession numbers and nomenclature. NC_000072.6, Mus
Musculus strain C57BL/6J chromosome 6, GRCm38.p4 C57BL/6J;
NM_023333.4, Mus musculus RIKEN cDNA 2210010C04 gene
(2210010C04Rik), mRNA; mouse cationic trypsinogen (isoform T7).
Amino-acid residues in trypsinogen were numbered starting from
the initiator methionine of the primary translation product. Note
that amino-acid numbering of mouse T7 trypsinogen is shifted by 1
relative to human trypsinogens due to an extra Asp residue in the
activation peptide. Thus, mutation p.R122H in human PRSS1 cor-
responds to p.R123H in mouse T7 trypsinogen.

Expression and purification of mouse cationic trypsinogen
(isoform T7). Wild-type and p.R123H mutant T7 trypsinogen were
expressed as intein fusion proteins, as reported previously [22,23].
Inclusion bodies were isolated, trypsinogen was refolded in vitro,
and purified by ecotin affinity chromatography using published
protocols [22]. The concentration of trypsinogen solutions was
calculated from the ultraviolet absorbance at 280 nm using the
extinction coefficient 39,140 M�1 cm�1.

Expression, purification, and activation of mouse chymo-
trypsinogen B1 (CTRB1). Construction of the pcDNA3.1(�) mouse
CTRB110His plasmid containing a C-terminal 10His affinity tag was
reported recently [21]. Mouse CTRB1 was expressed in HEK 293T
cells with transient transfection, and purified from the conditioned
medium by nickel-affinity chromatography according to our pub-
lished protocol [24]. The eluted CTRB1 was dialyzed against 15 mM
132
Na-HEPES (pH 8.0), 100 mM NaCl, and activated with immobilized
TPCK-treated trypsin (catalog number 20230, Thermo Scientific,
Waltham, MA). The agarose beads were removed by centrifugation,
and the active CTRB1 concentration was determined by titration
with ecotin [25].

Measurement of trypsinogen autoactivation. Wild-type and
mutant trypsinogens (2 mM) were incubated at 37 �C with 10 nM
active T7 trypsin in 0.1 M Tris-HCl (pH 8.0), 1 mM CaCl2, and 0.05%
Tween 20 (final concentrations). Where indicated, autoactivation of
trypsinogen was measured in the presence of 25, 100, and 400 nM
mouse CTRB1 (final concentrations). At given times, trypsin activity
was measured from 2 mL aliquots after the addition of 48 mL assay
buffer (0.1 M Tris-HCl (pH 8.0), 1 mM CaCl2, 0.05% Tween 20), and
150 mL of 200 mM N-CBZ-Gly-Pro-Arg-p-nitroanilide substrate (in
assay buffer). Alternatively, incubations were performed in the
absence of Tween 20, and 100 mL aliquots were precipitated with
10% trichloroacetic acid (final concentration). The precipitate was
collected by centrifugation (10 min, 13,200 rpm, 4 �C), and dis-
solved in 25 mL 2 � Laemmli Sample Buffer (catalog number
1610737, Bio-Rad, Hercules, CA) supplemented with 100 mM
dithiothreitol and 150 mM NaOH. The samples were heat-
denatured at 95 �C for 5 min, electrophoresed on 15% SDS-
polyacrylamide gels, and stained with Brilliant Blue R-250 (Coo-
massie Blue).

Digestion of trypsinogenwith chymotrypsinogen B1 (CTRB1).
Wild-type andmutant trypsinogens (2 mM)were incubated at 37 �C
with 100 nM mouse CTRB1 in 0.1 M Tris-HCl (pH 8.0) (final con-
centrations). At the indicated times, 100 mL aliquots were precipi-
tated and analyzed by SDS-PAGE, as described in the previous
paragraph. Gels were digitized on a ChemiDoc Touch Imaging
System (Bio-Rad) as tif files, and densitometric quantitation of the
intensity of the trypsinogen bands was performed with the ImageJ
software.

Animal studies approval. Animal experiments were performed
at the University of California, Los Angeles with the approval and
oversight of the Animal Research Committee, including protocol
review and post-approval monitoring. Some of the initial studies
were carried out at Boston University with the approval and over-
sight of the Institutional Animal Care and Use Committee. The
animal care programs at these institutions are managed in full
compliance with the US Animal Welfare Act, the United States
Department of Agriculture Animal Welfare Regulations, the US
Public Health Service Policy on Humane Care and Use of Laboratory
Animals and the National Research Council's Guide for the Care and
Use of Laboratory Animals. The University of California Los Angeles
and Boston University have approved Animal Welfare Assurance
statements (A3196e01 and A3316-01, respectively) on file with the
US Public Health Service, National Institutes of Health, Office of
Laboratory Animal Welfare. Both institutions are accredited by the
Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC).

Generation of the T7R123H mouse strain. Model generation
was performed in the C57BL/6N genetic background (Cyagen, Santa
Clara, CA), and followed the general strategy and protocols previ-
ously reported for the T7D23A, T7K24R, T7G199R, T7D23del, and
T7D22N,K24R mouse strains [23,26e29]. The final T7R123H knock-
in allele contained the c.368_369GA>AC (p.R123H) mutation in
exon 3 of the mouse cationic trypsinogen gene and a 113 nt residual
“scar” sequence in intron 2, between positions c.204-417 and
c.204-416. T7R123H mice were bred to homozygosity, and were
maintained in this state. C57BL/6N mice obtained from Charles
River Laboratories (Wilmington, MA) or produced in our breeding
facility from the same stock were used as experimental controls.
The number of animals used in the experiments is shown in the
figures. Both male and female mice were studied.
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Genotyping. To genotype T7R123H mice, we used the following
primers: forward primer, 50- CTG TCC TATAAC ATT GCT CTG CTT -30,
reverse primer, 50- AGA CAC AAG ACA CCT AGT ACC AG -30. The
amplicon sizes for the wild-type and mutant alleles were 681 bp
and 794 bp, respectively. Themutant allele yielded a longer product
due to the presence of the residual sequence in intron 2.

Western blotting. Pancreas tissue (30 mg) was homogenized in
300 mL phosphate-buffered saline (pH 7.4) containing Halt Protease
and Phosphatase Inhibitor Cocktail (from 100� stock, catalog
number 78440, Thermo Scientific) and 20 mg total protein of the
cleared lysate was loaded per well. Mouse T7 trypsinogen was
detected using a rabbit polyclonal antibody (1:10,000 dilution)
raised against a peptide sequence corresponding to amino-acids
114e126 of mouse T7 pre-trypsinogen [23]. As loading control,
mouse ERK1/2 was measured using a rabbit monoclonal antibody
(catalog number 4695, Cell Signaling Technology, Danvers, MA) at a
dilution of 1:1000. The horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody was used at a dilution of
1:10,000 (catalog number 31460, Thermo Scientific).

Measurement of pancreatic protease zymogen content.
Pancreas tissue (40 mg) was homogenized in 400 mL 20 mM Na-
HEPES (pH 7.4), and centrifuged at 850 g, for 10 min, at 4 �C. The
supernatant was then used to determine levels of trypsinogen and
chymotrypsinogen by measuring their enzyme activity after
maximal activation, as described previously [19]. Protease zymogen
content was expressed as percent of the average activity values
from C57BL/6N mice. To compare the trypsinogen and chymo-
trypsinogen levels in the homogenate, we converted the activity
values to enzyme concentrations using purified, recombinant
mouse CTRB1 and mouse cationic trypsin (isoform T7) as reference
standards. The concentration of the recombinant proteases was
determined by active-site titration with ecotin.

Cerulein-induced acute pancreatitis. Cerulein (catalog number
C9026, Sigma-Aldrich, St. Louis, MO) was dissolved in normal sa-
line, filter-sterilized, and administered in a supramaximal stimu-
latory dose of 50 mg/kg. C57BL/6N and homozygous T7R123H mice
(11e12 weeks of age) were given 10 hourly injections of cerulein,
and the animals were euthanized 1 h after the last injection.
Alternatively, where indicated, mice were treated with 8 hourly
injections of cerulein on two consecutive days, and euthanasia was
performed 30min after the last injection on the second day. Control
mice were treated with saline injections. Blood and pancreas tissue
were harvested for analysis.

Cerulein-induced chronic pancreatitis. The Jensen protocol
[30] was used to induce progressive, atrophic CP in T7R123H mice.
Briefly, C57BL/6N and homozygous T7R123H mice (11e12 weeks of
age) were treated with 8 hourly injections of cerulein on two
consecutive days (50 mg/kg dose). Control mice were given saline
injections. Mice were euthanized 3 days after the last injection (on
day 5).

Cerulein-induced intrapancreatic protease activity. C57BL/6N
and homozygous T7R123Hmice (11e12 weeks of age) were treated
with a single injection of cerulein (50 mg/kg dose) and euthanized
30min later. Alternatively, where indicated, micewere treatedwith
8 hourly injections of cerulein on two consecutive days, and
euthanized 30 min after the last injection on the second day.
Control mice were given saline injections. Intrapancreatic trypsin
and chymotrypsin activity was measured from freshly prepared
pancreas homogenates using a recently published protocol [31].
Activity was expressed as the rate of substrate cleavage in relative
fluorescent units (RFU) per second, normalized to the total protein
concentration in mg unit.

Pancreatic water content. Tissue edema was estimated by
measuring the water content of the pancreas. A portion of the
pancreas (50e100 mg) was weighed (wet weight), desiccated for
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72 h at 65 �C, and weighed again (dry weight). Water content was
calculated as the difference between the dry and wet weights,
expressed as percent of the wet weight.

Plasma amylase measurement. Enzyme activity of amylase
was determined from 1 mL blood plasma, using the 2-chloro-p-
nitrophenyl-a-D-maltotrioside substrate, as reported previously
[21]. The rate of substrate cleavagewas expressed inmOD/min unit.

Pancreas myeloperoxidase (MPO) content. Measurement of
MPO levels in pancreas homogenates was carried out as reported
previously [16,26], using a commercial ELISA kit (catalog number
HK210-01, Hycult Biotech, Plymouth Meeting, PA). MPO concen-
trations were normalized to the total protein concentration, and
expressed in ng MPO/mg protein unit.

Histology. Pancreas tissue was fixed in 10% neutral buffered
formalin, paraffin-embedded, sectioned, and stained with
hematoxylin-eosin. Histological assessment (scoring) of cerulein-
induced acute pancreatitis (AP) for edema, inflammatory cell
infiltration, and acinar cell necrosis was performed as described
previously [26]. The extent of acinar cell atrophy in the cerulein-
induced CP model was characterized histologically by estimating
the number of intact acini as percent of the total tissue area.

Statistics. Experimental data were graphed as individual points
with the mean and standard deviation values indicated. The dif-
ference of means between 2 groups was analyzed by two-tailed
unpaired t-test. The difference of means between 4 groups was
assessed by one-way ANOVA followed by Tukey's post-hoc analysis.
P < .05 was considered statistically significant.

3. Results

Effect of mutation p.R123H on mouse cationic trypsinogen.
We produced recombinantly and purified wild-type and p.R123H
mutant mouse cationic trypsinogen (isoform T7). Mutation
p.R123H in T7 trypsinogen corresponds to p.R122H in human
cationic trypsinogen. Autoactivation of wild-type and mutant
trypsinogens was nearly indistinguishable at pH 8.0, in 1 mM cal-
cium (Fig. 1A). SDS-PAGE analysis with Coomassie Blue staining
confirmed that conversion of the trypsinogen band to trypsin
proceeded at the same rate, resulting in similar final trypsin levels
(Fig. 1B). N-terminal sequencing of autolytic cleavage fragments
identified Arg123 and Lys194 as the sites of autolytic digestion in
wild-type T7 trypsinogen, whereas cleavage at Arg123 was absent
in the p.R123H mutant (Fig. 1B).

When autoactivation was measured in the presence of mouse
CTRB1, final trypsin levels were reduced as a function of the CTRB1
concentration, due to trypsinogen degradation (Fig. 2A). Under the
same conditions, mutant p.R123H autoactivated to higher final
trypsin levels than wild-type T7 (Fig. 2B). However, degradation of
p.R123H trypsinogenwas still highly significant. When final trypsin
levels generated through autoactivation were plotted as a function
of the CTRB1 concentration, the protective effect of mutation
p.R123H seemed to diminish at the highest CTRB1 concentration
tested (Fig. 2C), which corresponds to a 5:1 trypsinogen-to-
chymotrypsin ratio. We measured the trypsinogen and chymo-
trypsinogen content in pancreas homogenates, as described in
Methods, and found that their ratio was approximately 1.8. Thus,
the concentration of chymotrypsinogen is comparable to or slightly
exceeds that of T7 trypsinogen, which constitutes about half of the
pancreatic trypsinogen content [9]. These observations indicate
that under physiological conditionsmutation p.R123Hwould afford
little protection against CTRB1-mediated degradation of T7
trypsinogen.

The CTRB1-mediated cleavages of wild-type and mutant T7
trypsinogens were analyzed by SDS-PAGE and Coomassie Blue
staining. To optimize the cleavage reaction, this experiment was



Fig. 1. Effect of mutation p.R123H on the autoactivation of mouse cationic trypsinogen
(T7). A, Autoactivation of wild-type and p.R123H mutant T7 trypsinogens (2 mM) was
measured at pH 8.0 in 1 mM calcium, as described in Methods. Trypsin activity was
expressed as percent of potentially attainable activity. Data points represent
mean ± standard error (n ¼ 2). B, Autoactivation of wild-type and p.R123H mutant T7
trypsinogen was analyzed by SDS-PAGE and Coomassie Blue staining. A representative
gel (n ¼ 2) is shown. Bands generated by trypsin-mediated cleavage (autolysis) of
trypsinogen are indicated. Cartoon denotes position of trypsin-sensitive cleavage sites
in T7 trypsinogen. Fig. 2. Effect of mutation p.R123H on the autoactivation of mouse cationic trypsinogen

(T7) in the presence of mouse chymotrypsin B1 (CTRB1). Autoactivation was measured
in the presence of the indicated CTRB1 concentrations, as described in Methods.
Trypsin activity was expressed as percent of potentially attainable activity. Data points
represent mean ± standard error (n ¼ 2). A, Wild-type T7 trypsinogen. B, Mutant
p.R123H. C, Final trypsin activity as a function of the CTRB1 concentration present in
the autoactivation reaction. The plateau trypsin activity values from panels A and B
were plotted.
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performed in the absence of added calcium. The banding pattern of
CTRB1-digested wild-type and mutant trypsinogens was identical
(Fig. 3A). N-terminal sequencing identified the primary CTRB1
cleavage site at Leu149, and secondary cleavages at Tyr29 and
Leu159. Densitometric evaluation of the cleavage reaction
confirmed the comparable degradation kinetics (Fig. 3B). The re-
sults indicate that CTRB1 cleavages of T7 trypsinogen are not
directly affected by mutation p.R123H. Instead, the mutation pro-
tects against CTRB1-mediated degradation by eliminating the
autolytic cleavage at the Arg123 site, and thereby delaying the
proteolysis-induced conformational disintegration of T7
trypsinogen.

Generation of T7R123H mice and pancreatic expression of
trypsinogen. To test the effect of p.R123H in vivo, we created a novel
knock-in mouse strain carrying the mutation in the native T7 tryp-
sinogen locus of C57BL/6N mice (Fig. 4A). Genetic modification was
achieved using homologous recombination, following previously
employed protocols [23,26e29]. Homozygous T7R123H mice had no
obvious phenotype; they were indistinguishable from wild-type
C57BL/6N mice. Macroscopic and microscopic morphology of the
pancreas from 1-year-old T7R123H mice were normal, with no signs
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of spontaneous pathology. Western blot analysis of pancreas ho-
mogenates indicated comparable expression of T7 trypsinogen in
C57BL/6N and T7R123H mice (Fig. 4B). Measurement of total tryp-
sinogen and chymotrypsinogen content in the pancreas from C57BL/
6N and T7R123H mice revealed no differences either (Fig. 4C).

Cerulein-induced intrapancreatic protease activity inT7R123H
mice. First, wemeasured trypsin (Fig. 5A) and chymotrypsin (Fig. 5B)
activity from freshly prepared pancreas homogenates 30 min after a
single cerulein injection (50 mg/kg dose). We typically use this early
time point to evaluate intrapancreatic protease activation because
the acinar tissue is still relatively intact, unaffected by inflammation.
Relative to saline-injected mice, significantly increased trypsin and
chymotrypsin activity was observed in the pancreas of cerulein-
treated mice, however, no difference was apparent between the
C57BL/6N and T7R123H strains.



Fig. 3. Effect of mutation p.R123H on the cleavage of mouse cationic trypsinogen (T7)
by mouse chymotrypsin B1 (CTRB1). A, Digestion of wild-type and p.R123H T7 tryp-
sinogens (2 mM) with 100 nM CTRB1 was carried out at pH 8.0, in the absence of
calcium, as described in Methods. At the indicated time points, samples were precip-
itated with trichloroacetic acid, and analyzed by SDS-PAGE and Coomassie Blue
staining. Representative gels (n ¼ 2) are shown. Cartoon indicates CTRB1 cleavage sites
in T7 trypsinogen. The primary cleavage at Leu149 generates bands A and B. Secondary
cleavages of Band A (at Tyr29) and Band B (at Leu159) generate the mixed band
indicated by the asterisk. Note the anomalously slow migration (i.e. upward shift) of
the Leu159-cleaved fragment. B, Densitometric evaluation of the intensity of the intact
trypsinogen band as a function of time. Data points represent mean ± standard error
(n ¼ 2).

Fig. 4. Generation of trypsinogen mutant mice and analysis of pancreatic trypsinogen
expression. A, Homologous recombination-based targeting strategy to create T7R123H
trypsinogen mutant mice. Red boxes indicate exons, the thick blue lines represent the
homology arms. The p.R123H mutation was knocked-in to exon 3 together with a
neomycin resistance gene (Neo) flanked by loxP sites (green arrowheads) in intron 2.
The Neo cassette was removed by breeding with a Cre-deleter strain. B, Expression of
T7 trypsinogen protein in the pancreas of C57BL/6N and T7R123H mice. Western blot
analysis of pancreas homogenates was performed with a T7-specific polyclonal anti-
body, as described in Methods. ERK1/2 was measured as loading control. C, Total
trypsinogen and chymotrypsinogen content was measured from pancreas homoge-
nates of C57BL/6N and T7R123H mice, as described in Methods. Results were expressed
as percent of the mean C57BL/6N value. Mean values with standard deviation (n ¼ 3)
are shown.
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Cerulein-induced acute pancreatitis (AP) in T7R123H mice.
Next, we induced AP in C57BL/6N and T7R123H mice by 10 hourly
injections of cerulein (50 mg/kg dose). Mice were euthanized 1 h
after the last injection. We found significant pancreas edema in
cerulein-treated mice relative to saline-treated controls, as judged
by the pancreas weight and pancreas water content (Fig. 6A).
Similarly, plasma amylase (Fig. 6B) and pancreatic myeloperoxidase
(MPO) content (Fig. 6C) were markedly increased in mice given
cerulein versus saline. When the inflammatory response of C57BL/
6N and T7R123Hmice were compared, all parameters were slightly
higher in T7R123H mice but the difference reached statistical sig-
nificance only for pancreatic water content. Histological analysis of
pancreas sections from cerulein-treated mice by hematoxylin-



Fig. 5. Cerulein-induced intrapancreatic protease activation in T7R123H mice. C57BL/
6N and T7R123H mice were given a single saline or cerulein injection, and the mice
were euthanized 30 min later. Trypsin and chymotrypsin activity were measured from
freshly prepared pancreas homogenates, as described in Methods. A, Trypsin activity. B,
Chymotrypsin activity. Individual values with the mean and standard deviation were
plotted. The difference of means was analyzed by one-way ANOVA followed by Tukey's
post-hoc analysis.
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eosin staining (Fig. 7A) also showed slightly stronger pancreatitis
scores in T7R123H versus C57BL/6N mice for edema (Fig. 7B), in-
flammatory cells (Fig. 7C), and acinar cell necrosis (Fig. 7D). The
difference in inflammatory cell infiltration was statistically signifi-
cant. Taken together, the results indicate that T7R123H mice
develop slightly more severe cerulein-induced AP than the
C57BL/6N parent strain.

To evaluate the effect of more sustained overstimulation with
cerulein, we treated mice with 8 hourly cerulein injections on 2
consecutive days, and euthanized the animals 30 min after the last
injection.Remarkably, thepancreasof cerulein-treated T7R123Hmice
was visibly more edematous (not shown) than those of C57BL/6N
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mice, and this significant difference was also evident when pancreas
weights were compared (Fig. 8A). Furthermore, intrapancreatic
trypsin activity of cerulein-treated T7R123H mice was significantly
higher than those of cerulein-treated C57BL/6N controls (Fig. 8B),
while chymotrypsin activity showed a similar trend without statis-
tical significance (Fig. 8C).

Cerulein-induced chronic pancreatitis (CP) in T7R123H mice.
We and others previously found that trypsinogen mutant mice
develop progressive pancreatitis after a cerulein-induced acute
episode while the pancreas of C57BL/6N mice recovers quickly
[29,32,33]. Pancreatitis progression in mutant mice is characterized
by extensive acinar atrophy, fibrosis, and inflammatory cell infil-
tration, all features of CP. Histological recovery is delayed, and often
incomplete. To test whether T7R123H mice would develop CP after
an acute episode, we treated mice with 8 hourly injections of cer-
ulein on 2 consecutive days and euthanized the animals 3 days after
the last injection. This protocol was described by Jensen et al.
(2005) to study pancreas regeneration [30]. Histological analysis of
pancreas sections showed essentially normal acinar tissue in
C57BL/6N mice, indicating complete recovery from the cerulein-
induced AP (Fig. 9A). In contrast, pancreas sections from some
T7R123H mice revealed areas of CP. Scoring of multiple sections for
intact acini indicated no significant dropout in C57BL/6N mice
(n ¼ 10), whereas 6 of 15 (40%) T7R123H mice showed measurable
acinar atrophy, with 2 mice exhibiting a complete response
(Fig. 9B). The results indicate that T7R123H mice are somewhat
prone to develop progressive CP after cerulein-induced AP; how-
ever, the penetrance is relatively low, not nearly as robust as in the
previously published trypsinogen mutant strains [23,26,29,33].

4. Discussion

In the present study, we describe the novel T7R123H knock-in
mouse model harboring the p.R123H mutation (p.R122H in hu-
man numbering) in the mouse cationic trypsinogen (isoform T7)
locus. When treated with cerulein (10 hourly injections), T7R123H
mice exhibited unchanged intrapancreatic trypsin activity and
slightly increased severity of AP, relative to C57BL/6N controls.
However, when cerulein-treatment was extended (8 hourly in-
jections on 2 consecutive days), T7R123H mice showed higher
intrapancreatic trypsin activity and more pancreatic edema than
C57BL/6N animals. Furthermore, after the 2-day acute episode,
cerulein-treated T7R123H mice developed progressive, CP-like
disease with incomplete penetrance, while C57BL/6N mice fully
recovered. Previously, we demonstrated that mice deficient in
CTRB1 (Ctrb1-del strain) showed significantly increased severity of
cerulein-induced AP, indicating that CTRB1-mediated trypsinogen
degradation is protective in the murine secretagogue-induced
disease model [20,21]. Furthermore, when the Ctrb1-del allele
was crossed with the T7K24R mutant trypsinogen allele, mice with
the homozygous compound genotype developed severe, early-
onset pancreatitis [34]. Since neither the Ctrb1-del nor the
T7K24R allele alone was capable of inducing spontaneous pancre-
atitis, the striking phenotype of the Ctrb1-del � T7K24R mice pro-
vided further evidence that impairment of the CTRB1-dependent
trypsinogen degradation promotes pancreatitis onset and increases
severity in mice. Therefore, we expected to see a similar effect in
T7R123H mice, assuming the p.R123H mutation would protect T7
trypsinogen against CTRB1. Surprisingly, this was not the case.
Biochemical analysis revealed that mutation p.R123H inefficiently
protected mouse cationic trypsinogen against CTRB1-mediated
degradation. This stands in contrast to the robust protective effect
of the p.R122H mutation against CTRC-mediated degradation of
human cationic trypsinogen. We believe this biochemical differ-
ence explains the relatively modest phenotypic impact of the



Fig. 6. Cerulein-induced acute pancreatitis in T7R123H mice. C57BL/6N and T7R123H mice were given 10 hourly injections of saline or cerulein, as described in Methods. Mice were
euthanized 1 h after the last injection. A, Pancreas weight normalized to body weight. B, Pancreatic water content. C, Plasma amylase activity. D, Pancreatic myeloperoxidase (MPO)
content. Individual data points with mean and standard deviation are shown. The difference of means was analyzed by one-way ANOVA followed by Tukey's post-hoc analysis.
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mutation in T7R123H mice versus the strong disease-causing effect
in hereditary CP.

Previous attempts to model PRSS1 p.R122H-related hereditary
CP in mice utilized various transgenic approaches (Table 1). First,
Archer et al. (2006) [35] used a transgenic construct in which the
coding DNA for mouse anionic trypsinogen (isoform T8, see Ref. [9])
with the p.R122H mutation was placed under the control of the
“short” rat elastase 1 (Cela1) promoter [36]. Transgenic mice
developed scattered fibro-inflammatory lesions with incomplete
penetrance, and exhibited more severe CP than C57BL/6 controls
after 2 weeks of cerulein treatment. The experiments did not
include a wild-type transgenic control, and total trypsinogen con-
tent of the pancreas of transgenic mice was not measured. There-
fore, it remains unclear whether introduction of the extra
trypsinogen gene, the p.R122H mutation, or a combination of both
were responsible for the observed phenotype.

In the same year, Selig et al. (2006) generated transgenic mice
containing the coding DNA for human PRSS1 with the p.R122H
mutation, under the control of the short rat Cela1 promoter [37].
The authors noted low levels of transgene expression, although no
quantitative analysis of pancreatic trypsinogens was performed.
137
Transgenic mice developed no spontaneous pancreatitis, but
showed slightly increased severity of cerulein-induced disease. No
wild-type transgenic control was included.

Building on the shortcomings of these pioneering studies,
Athwal et al. (2014) generated three transgenic lines harboring the
coding DNA for wild-type PRSS1, and mutants p.N29I and p.R122H,
under the control of the short rat Cela1 promoter [38]. Approxi-
mately 10% of transgenic mice developed spontaneous acinar
vacuolization and fibro-inflammatory alterations in the pancreas at
or above 9months of age. Upon treatment with cerulein, transgenic
mice exhibited more severe pancreatitis than controls. Strikingly,
however, no difference in phenotype was seen among the three
lines, indicating that murine expression of human PRSS1 is suffi-
cient to induce or aggravate pancreatitis. As was the case in prior
studies, measurement of pancreatic trypsinogen content was not
performed.

More recentmousemodels used bacterial artificial chromosome
(BAC)-transgene technology to overcome the expression problems
seen with the short rat Cela1 promoter. Huang et al. (2020)
described an overly sophisticated transgene design, in which the
PRSS1 coding DNA with or without the p.R122H mutation was



Fig. 7. Histology of cerulein-induced acute pancreatitis in T7R123H mice. C57BL/6N and T7R123H mice were given 10 hourly injections of saline or cerulein, as described in Methods.
Mice were euthanized 1 h after the last injection. A, Representative hematoxylin-eosin-stained pancreas sections. The scale bar corresponds to 100 mm (top four panels) and 50 mm
(bottom two enlargements). B,C,D, Histology scoring of pancreas sections for edema (B), inflammatory cell infiltration (C), and acinar cell necrosis (D). Individual data points were
graphed with the means and standard deviation indicated. The difference of means between two groups was analyzed by two-tailed unpaired t-test.
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Fig. 8. Pancreas edema and intrapancreatic protease activity after sustained stimula-
tion with cerulein. C57BL/6N and T7R123H mice were given 8 hourly injections of
saline or cerulein on 2 consecutive days, as described in Methods. Mice were eutha-
nized 30 min after the last injection. Trypsin and chymotrypsin activity were measured
from freshly prepared pancreas homogenates, as described in Methods. A, Pancreas
weight normalized to body weight. B, Trypsin activity. C, Chymotrypsin activity. In-
dividual values with the mean and standard deviation were plotted. The difference of
means was analyzed by one-way ANOVA followed by Tukey's post-hoc analysis.
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placed downstream of a loxP-GFP-STOP-loxP sequence [39]. This
entire cassette was then inserted downstream of the full-length
mouse Cela1 gene within a BAC clone. To remove the floxed STOP
cassette, PRSS1-transgenic mice were bred with BAC-Cela1-Cre-
ERT2 mice [40], and trypsinogen expression was induced by
treatment with tamoxifen for 5 days. Transgenic mice with muta-
tion p.R122H developed slightly more focal fibro-inflammatory
lesions, and showed more severe cerulein-induced pancreatitis
than mice with wild-type PRSS1. Similarly, treatment with lipo-
polysaccharide, ethanol feeding, or a high-fat diet resulted in more
prominent pathological changes in the pancreas of p.R122Hmutant
mice. Pancreatic trypsinogen content was not measured. Western
blot analysis suggested comparable expression of wild-type and
p.R122H mutant transgenes whereas immunohistochemistry
indicated higher PRSS1 protein expression in the pancreas of
p.R122H mutant mice.

Gui et al. (2020) generated transgenic mice using a human BAC
clone harboring the genomic sequence for PRSS1 [32]. Mice car-
rying wild-type PRSS1, p.R122H mutant PRSS1, and a catalytically
inactive PRSS1 with the p.R122H,p.S200T double mutation were
created. AP induced by 8 hourly injections of cerulein was more
severe in p.R122H transgenic mice relative to C57BL/6N controls,
and mutant mice developed progressive, CP-like disease after an
acute episode whereas C57BL/6Nmice recovered rapidly. When the
effect of a single cerulein injection was compared in wild-type and
p.R122H mutant transgenic mice, mutant mice developed pancre-
atitis at lower cerulein doses. As expected, the p.R122H,p.S200T
double-mutant transgenic mice did not show increased disease
severity or sensitivity, indicating that the effect of the p.R122H
mutation was strictly dependent on trypsin activity. Unfortunately,
in their experiments, the authors did not compare wild-type PRSS1
transgenic mice with C57BL/6N mice, which makes it difficult to
separate the effect of the p.R122H mutation from the gene-dosage
effect of the extra trypsinogen allele. Total trypsinogen content in
the pancreas of the studied strains was not determined either,
although Western blot analysis suggested comparable transgene
expression in the pancreas of mice with wild-type PRSS1 and
mutant transgenes. Wang et al. (2022) published a follow-up study
inwhich the PRSS1 and PRSS1-p.R122H transgenic mice also carried
the PRSS2 gene on the same allele [41]. A single low dose of cerulein
induced AP in the PRSS1-p.R122H-PRSS2 mice but not in PRSS1-
PRSS2mice.When bred to homozygosity, the increased trypsinogen
gene dosage resulted in spontaneous, progressive pancreatitis in
PRSS1-p.R122H-PRSS2 mice but not in PRSS1-PRSS2 mice. Similarly,
mice with a PRSS2 allele paired with a PRSS1-p.R122H-PRSS2 allele
showed spontaneous disease whereas mice harboring the PRSS2
and PRSS1-PRSS2 alleles did not develop pathology. Western blot
analysis showed comparable PRSS1 and PRSS2 protein expression
in PRSS1-p.R122H-PRSS2 and PRSS1-PRSS2 transgenic mice, indi-
cating that mutation p.R122H was responsible for the observed
phenotypic effects.

Taken together, the six studies published to date demonstrate
that the presence of the p.R122H mutation increases sensitivity to
pancreatitis and is associated with more severe disease. This effect
is much more readily observed in later studies utilizing BAC tech-
nology with higher trypsinogen expression levels. A general limi-
tation of the published experiments is the lack of information on
total pancreatic trypsinogen levels in the various transgenic mice.
Some attempts were made to quantify transgene expression,
however, thesewere hardly rigorous. Since transgene incorporation
is random, and copy numbers may be variable, it is not readily
apparent why trypsinogen levels would be identical among the
transgenic lines. Nevertheless, the consistent effect of the p.R122H
mutation across all published accounts argues that the observed
phenotypeswere primarily due to the presence of themutation and



Fig. 9. Cerulein-induced chronic pancreatitis in T7R123H mice. C57BL/6N and T7R123H mice were given 8 hourly injections of saline or cerulein on 2 consecutive days, as described
in Methods. Mice were euthanized 3 days after the last injection (on day 5). A, Representative hematoxylin-eosin stained pancreas sections. The scale bar corresponds to 50 mm. B,
Histology scoring of pancreas sections for intact acini. Individual data points were graphed with the mean and standard deviation indicated. The difference of means between two
groups was analyzed by two-tailed unpaired t-test.
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Table 1
Genetically modifiedmouse models with p.R122Hmutant trypsinogen. Cela1, chymotrypsin-like elastase 1 gene. BAC, bacterial artificial chromosome. Note that T7R123Hmice
contain the p.R123H mutation, which is analogous to p.R122H in human trypsinogen.

Citation Method Promoter Trypsinogen Gene

Archer et al., 2006 [35] transgenic short rat Cela1 promoter mouse anionic trypsinogen (isoform T8) coding DNA
Selig et al., 2006 [37] transgenic short rat Cela1 promoter human PRSS1 coding DNA
Athwal et al., 2014 [38] transgenic short rat Cela1 promoter human PRSS1 coding DNA
Huang et al., 2020 [39] transgenic full-length mouse Cela1 gene human PRSS1 coding DNA
Gui et al., 2020 [32] transgenic native trypsinogen promoter human PRSS1 full-length genomic in BAC
Wang et al., 2022 [41] transgenic native trypsinogen promoter human PRSS1 full-length genomic in BAC
This work, T7R123H mice knock-in native trypsinogen promoter mouse cationic trypsinogen (isoform T7) native genomic locus
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not to variability in pancreatic trypsinogen levels. The T7R123H
mice of the current study represents the first knock-in model that
utilizes the native mouse cationic trypsinogen locus, and does not
change trypsinogen levels in the pancreas. We performed total
trypsinogen measurements and T7-specific Western blot analysis
to confirm comparable trypsinogen expression in the pancreas of
T7R123H and C57BL/6N mice. Therefore, we can conclude that all
phenotypic effects seen in T7R123H mice were solely due to the
p.R123H mutation.

C57BL/6N mice used for most of the published transgenic
studies are naturally deficient in mouse CTRC [19], therefore, the
effect of the p.R122H mutation cannot be related to protection
against CTRC-dependent degradation, as postulated for hereditary
CP [3,4]. In biochemical experiments, we found that mouse CTRB1
did not degrade human cationic trypsinogen (unpublished), indi-
cating that regulation of transgenic PRSS1 through mouse CTRB1 is
unlikely. It remains unknownwhether human cationic trypsinogen
can be cleaved by mouse chymotrypsin-like protease (CTRL),
although the ineffectiveness of human CTRL [17] would argue
against this possibility. It appears, therefore, that the published
pathogenic effect of the p.R122H mutation in transgenic mice
cannot be readily explained by the inhibition of protective
chymotrypsin-dependent trypsinogen degradation. In addition to
blocking CTRC-dependent degradation, mutation p.R122H also ac-
celerates autoactivation of human cationic trypsinogen by about
1.5-fold [16,18], and slightly increases secretion levels from trans-
fected cells [42]. These secondary effects of the mutation, amplified
by the gene-dosage effect of the transgene, are likely responsible
for the increased severity of and/or sensitivity to pancreatitis in the
published transgenic models.

In summary, here we present the first knock-in mouse model of
the hereditary-pancreatitis associated p.R122H cationic trypsin-
ogen mutation. T7R123H mice, harboring the analogous p.R123H
mutation, exhibit increased intrapancreatic trypsin activity and
more severe AP than C57BL/6N mice, after sustained treatment
with cerulein. Furthermore, T7R123H mice develop CP after the AP
episode, but with incomplete penetrance. The lack of a strong
disease phenotype could be explained by the inability of the
p.R123H mutation to prevent chymotrypsin-dependent degrada-
tion in the context of mouse cationic trypsinogen. The findings
indirectly reinforce the pathogenic model of PRSS1 p.R122H-
associated hereditary CP, where mutation p.R122H blocks CTRC-
dependent trypsinogen degradation, and thereby increases tryp-
sinogen autoactivation, and intrapancreatic trypsin activity.
Author contributions

MST and ZJ conceived and directed the study. ZJ and MST
designed the experiments. ZJ, NCMG, and AD performed the ex-
periments. ZJ, NCMG, AD, and MST analyzed the data. MST wrote
the manuscript, ZJ, NCMG, and AD prepared figures. All authors
contributed critical revisions and approved the final manuscript.
141
Declaration of competing interest

The authors have declared that no conflict of interest exists.

Acknowledgements

This work was supported by the National Institutes of Health
(NIH) grants R01 DK117809 and R01 DK082412 to MST, and the
Department of Defense grant W81XWH2010134 (PR192583) to ZJ
and MST.

References

[1] Whitcomb DC, Gorry MC, Preston RA, Furey W, Sossenheimer MJ, Ulrich CD,
Martin SP, Gates Jr LK, Amann ST, Toskes PP, Liddle R, McGrath K, Uomo G,
Post JC, Ehrlich GD. Hereditary pancreatitis is caused by a mutation in the
cationic trypsinogen gene. Nat Genet 1996;14:141e5.

[2] N�emeth BC, Sahin-T�oth M. Human cationic trypsinogen (PRSS1) variants and
chronic pancreatitis. Am J Physiol Gastrointest Liver Physiol 2014;306:
G466e73.

[3] Hegyi E, Sahin-T�oth M. Genetic risk in chronic pancreatitis: the trypsin-
dependent pathway. Dig Dis Sci 2017;62:1692e701.

[4] Mayerle J, Sendler M, Hegyi E, Beyer G, Lerch MM, Sahin-T�oth M. Genetics, cell
biology, and pathophysiology of pancreatitis. Gastroenterology 2019;156:
1951e68.

[5] Maroux S, Desnuelle P. On some autolyzed derivatives of bovine trypsin.
Biochim Biophys Acta 1969;181:59e72.

[6] Ru BG, Du JZ, Zeng YH, Chen LS, Ni YS, Tan GH, Zhang LX. Active products of
porcine trypsin after autolysis. Sci Sin 1980;23:1453e60.

[7] Kaslik G, Patthy A, B�alint M, Gr�af L. Trypsin complexed with alpha 1-
proteinase inhibitor has an increased structural flexibility. FEBS Lett
1995;370:179e83.

[8] Sahin-T�oth M. Hereditary pancreatitis-associated mutation Asn 21–>Ile sta-
bilizes rat trypsinogen in vitro. J Biol Chem 1999;274:29699e704.

[9] N�emeth BC, Wartmann T, Halangk W, Sahin-T�oth M. Autoactivation of mouse
trypsinogens is regulated by chymotrypsin C via cleavage of the autolysis loop.
J Biol Chem 2013;288:24049e62.

[10] Gaboriaud C, Serre L, Guy-Crotte O, Forest E, Fontecilla-Camps JC. Crystal
structure of human trypsin 1: unexpected phosphorylation of Tyr151. J Mol
Biol 1996;259:995e1010.

[11] Sahin-T�oth M. Human cationic trypsinogen. Role of Asn-21 in zymogen acti-
vation and implications in hereditary pancreatitis. J Biol Chem 2000;275:
22750e5.

[12] Kukor Z, T�oth M, P�al G, Sahin-T�oth M. Human cationic trypsinogen. Arg(117)
is the reactive site of an inhibitory surface loop that controls spontaneous
zymogen activation. J Biol Chem 2002;277:6111e7.

[13] V�arallyai �E P�al G, Patthy A, Szil�agyi L, Gr�af L. Two mutations in rat trypsin
confer resistance against autolysis. Biochem Biophys Res Commun 1998;243:
56e60.

[14] Szab�o A, Radisky ES, Sahin-T�oth M. Zymogen activation confers thermody-
namic stability on a key peptide bond and protects human cationic trypsin
from degradation. J Biol Chem 2014;289:4753e61.

[15] Szmola R, Sahin-T�oth M, Chymotrypsin C. (caldecrin) promotes degradation of
human cationic trypsin: identity with Rinderknecht's enzyme Y. Proc Natl
Acad Sci USA 2007;104:11227e32.

[16] Szab�o A, Sahin-T�oth M. Increased activation of hereditary pancreatitis-
associated human cationic trypsinogen mutants in presence of chymo-
trypsin C. J Biol Chem 2012;287:20701e10.

[17] Szab�o A, Sahin-T�oth M. Determinants of chymotrypsin C cleavage specificity
in the calcium-binding loop of human cationic trypsinogen. FEBS J 2012;279:
4283e92.

[18] Sahin-T�oth M, T�oth M. Gain-of-function mutations associated with hereditary
pancreatitis enhance autoactivation of human cationic trypsinogen. Biochem
Biophys Res Commun 2000;278:286e9.

[19] Geisz A, Jancs�o Z, N�emeth BC, Hegyi E, Sahin-T�oth M. Natural single-

http://refhub.elsevier.com/S1424-3903(23)00039-X/sref1
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref1
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref1
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref1
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref1
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref2
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref2
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref2
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref2
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref2
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref2
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref3
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref3
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref3
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref3
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref4
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref4
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref4
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref4
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref4
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref5
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref5
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref5
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref6
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref6
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref6
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref7
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref7
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref7
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref7
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref7
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref7
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref8
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref8
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref8
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref8
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref9
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref9
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref9
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref9
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref9
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref9
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref10
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref10
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref10
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref10
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref11
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref11
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref11
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref11
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref11
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref12
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref13
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref14
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref14
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref14
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref14
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref14
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref14
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref15
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref15
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref15
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref15
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref15
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref16
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref16
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref16
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref16
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref16
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref16
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref17
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref17
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref17
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref17
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref17
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref17
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref18
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref18
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref18
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref18
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref18
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref18
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19


Z. Jancs�o, N.C. Morales Granda, A. Demcs�ak et al. Pancreatology 23 (2023) 131e142
nucleotide deletion in chymotrypsinogen C gene increases severity of
secretagogue-induced pancreatitis in C57BL/6 mice. JCI Insight 2019;4:
e129717.

[20] Jancs�o Z, Hegyi E, Sahin-T�oth M. Chymotrypsin reduces the severity of
secretagogue-induced pancreatitis in mice. Gastroenterology 2018;155:
1017e21.

[21] Mosztbacher D, Jancs�o Z, Sahin-T�oth M. Loss of chymotrypsin-like protease
(CTRL) alters intrapancreatic protease activation but not pancreatitis severity
in mice. Sci Rep 2020;10:11731.

[22] Kir�aly O, Guan L, Sahin-T�oth M. Expression of recombinant proteins with
uniform N-termini. Methods Mol Biol 2011;705:175e94.

[23] Geisz A, Sahin-T�oth M. A preclinical model of chronic pancreatitis driven by
trypsinogen autoactivation. Nat Commun 2018;9:5033.

[24] Szab�o A, Pilsak C, Bence M, Witt H, Sahin-T�oth M. Complex formation of
human proelastases with procarboxypeptidases A1 and A2. J Biol Chem
2016;291:17706e16.

[25] Szab�o A, H�eja D, Szak�acs D, Zboray K, K�ekesi KA, Radisky ES, Sahin-T�oth M,
P�al G. High affinity small protein inhibitors of human chymotrypsin C (CTRC)
selected by phage display reveal unusual preference for P4' acidic residues.
J Biol Chem 2011;286:22535e45.

[26] Jancs�o Z, Sahin-T�oth M. Mutation that promotes activation of trypsinogen
increases severity of secretagogue-induced pancreatitis in mice. Gastroen-
terology 2020;158:1083e94.

[27] Orekhova A, N�emeth BC, Jancs�o Z, Geisz A, Mosztbacher D, Demcs�ak A, Sahin-
T�oth M. Evolutionary expansion of polyaspartate motif in the activation
peptide of mouse cationic trypsinogen limits autoactivation and protects
against pancreatitis. Am J Physiol Gastrointest Liver Physiol 2021;321:
G719e34.

[28] Mosztbacher D, Sahin-T�oth M. Mouse model suggests limited role for human
mesotrypsin in pancreatitis. Pancreatology 2021;21:342e52.

[29] Demcs�ak A, Sahin-T�oth M. Rate of autoactivation determines pancreatitis
phenotype in trypsinogen mutant mice. Gastroenterology 2022;163:761e3.

[30] Jensen JN, Cameron E, Garay MV, Starkey TW, Gianani R, Jensen J. Recapitu-
lation of elements of embryonic development in adult mouse pancreatic
regeneration. Gastroenterology 2005;128:728e41.

[31] Mosztbacher D, Demcs�ak A, Sahin-T�oth M. Measuring digestive protease
activation in the mouse pancreas. Pancreatology 2020;20:288e92.
142
[32] Gui F, Zhang Y, Wan J, Zhan X, Yao Y, Li Y, Haddock AN, Shi J, Guo J, Chen J,
Zhu X, Edenfield BH, Zhuang L, Hu C, Wang Y, Mukhopadhyay D, Radisky ES,
Zhang L, Lugea A, Pandol SJ, Bi Y, Ji B. Trypsin activity governs increased
susceptibility to pancreatitis in mice expressing human PRSS1R122H. J Clin
Invest 2020;130:189e202.

[33] Jancs�o Z, Sahin-T�oth M. Chronic progression of cerulein-induced acute
pancreatitis in trypsinogen mutant mice. Pancreatology 2022;22:248e57.

[34] Jancs�o Z, Demcs�ak A, Sahin-T�oth M. Modelling chronic pancreatitis as a
complex genetic disease in mice. Gut 2023;72:409e10.

[35] Archer H, Jura N, Keller J, Jacobson M, Bar-Sagi D. A mouse model of hereditary
pancreatitis generated by transgenic expression of R122H trypsinogen.
Gastroenterology 2006;131:1844e55.

[36] Ornitz DM, Palmiter RD, Hammer RE, Brinster RL, Swift GH, MacDonald RJ.
Specific expression of an elastase-human growth hormone fusion gene in
pancreatic acinar cells of transgenic mice. Nature 1985;313:600e2.

[37] Selig L, Sack U, Gaiser S, Kl€oppel G, Savkovic V, M€ossner J, Keim V, B€odeker H.
Characterisation of a transgenic mouse expressing R122H human cationic
trypsinogen. BMC Gastroenterol 2006;6:30.

[38] Athwal T, Huang W, Mukherjee R, Latawiec D, Chvanov M, Clarke R, Smith K,
Campbell F, Merriman C, Criddle D, Sutton R, Neoptolemos J, Vlatkovi�c N.
Expression of human cationic trypsinogen (PRSS1) in murine acinar cells
promotes pancreatitis and apoptotic cell death. Cell Death Dis 2014;5:e1165.

[39] Huang H, Swidnicka-Siergiejko AK, Daniluk J, Gaiser S, Yao Y, Peng L, Zhang Y,
Liu Y, Dong M, Zhan X, Wang H, Bi Y, Li Z, Ji B, Logsdon CD. Transgenic
expression of PRSS1R122H sensitizes mice to pancreatitis. Gastroenterology
2020;158:1072e82.

[40] Ji B, Song J, Tsou L, Bi Y, Gaiser S, Mortensen R, Logsdon C. Robust acinar cell
transgene expression of CreErT via BAC recombineering. Genesis 2008;46:
390e5.

[41] Wang J, Wan J, Wang L, Pandol SJ, Bi Y, Ji B. Wild-type human PRSS2 and
PRSS1R122H cooperatively initiate spontaneous hereditary pancreatitis in
transgenic mice. Gastroenterology 2022;163:313e5.

[42] Kereszturi E, Szmola R, Kukor Z, Simon P, Weiss FU, Lerch MM, Sahin-T�oth M.
Hereditary pancreatitis caused by mutation-induced misfolding of human
cationic trypsinogen: a novel disease mechanism. Hum Mutat 2009;30.
575e382.

http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref19
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref20
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref20
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref20
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref20
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref20
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref20
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref21
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref21
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref21
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref21
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref21
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref22
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref22
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref22
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref22
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref22
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref23
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref23
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref23
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref24
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref24
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref24
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref24
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref24
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref24
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref25
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref26
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref26
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref26
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref26
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref26
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref26
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref27
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref28
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref28
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref28
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref28
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref29
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref29
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref29
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref29
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref29
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref30
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref30
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref30
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref30
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref31
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref31
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref31
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref31
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref31
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref32
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref33
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref33
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref33
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref33
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref33
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref34
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref34
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref34
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref34
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref34
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref34
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref35
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref35
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref35
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref35
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref36
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref36
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref36
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref36
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref37
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref37
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref37
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref37
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref37
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref37
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref38
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref38
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref38
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref38
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref38
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref39
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref39
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref39
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref39
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref39
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref39
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref40
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref40
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref40
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref40
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref41
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref41
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref41
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref41
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref41
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref42
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref42
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref42
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref42
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref42
http://refhub.elsevier.com/S1424-3903(23)00039-X/sref42

	Appendix (12 pages).pdf
	Mouse model of PRSS1 p.R122H-related hereditary pancreatitis highlights context-dependent effect of autolysis-site mutation
	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References





