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ABSTRACT 

Background: PRSS1 was the first reported chronic pancreatitis (CP) gene. The existence of both gain-of-function 

(GoF) and gain-of-proteotoxicity (GoP) pathological PRSS1 variants, together with the fact that PRSS1 variants 

have been identified in CP subtypes spanning the range from monogenic to multifactorial, has made the 

classification of PRSS1 variants very challenging.  

Methods: All currently reported PRSS1 variants (derived from two databases) were manually reviewed with 

respect to their clinical genetics, functional analysis and population allele frequency. They were classified by 

variant type and pathological mechanism within the framework of our recently proposed ACMG/AMP 

guidelines-based seven-category system.  

Results: The total number of distinct germline PRSS1 variants included for analysis was 90, comprising 3 copy 

number variants (CNVs), 12 5' and 3' variants, 18 intronic variants, 4 nonsense variants, 1 frameshift deletion 

variant, 4 synonymous variants, 1 in-frame duplication, 3 gene conversions and 44 missense variants. Based 

upon a combination of clinical genetic and functional analysis, population data and in silico analysis, we 

classified 26 variants (all 3 CNVs, the in-frame duplication, all 3 gene conversions and 19 missense) as 

“pathogenic”, 2 variants (missense) as “likely pathogenic”, 5 variants (four missense and one promoter) as 

“predisposing”, 7 variants (all missense) as “unknown significance”, 3 variants (all missense) as “likely benign”, 

and all remaining 50 variants as “benign”. 

Conclusions: We describe an expert classification of the 90 PRSS1 variants reported to date. The results have 

immediate implications for reclassifying many ClinVar-registered PRSS1 variants as well as providing optimal 

guidelines/standards for reporting PRSS1 variants. 

 

Keywords: Chronic pancreatitis; Genetic predisposition to disease; PRSS1 gene; Trypsinogen/trypsin; Variant 

classification 

 

List of abbreviations 

ACMG/AMP, the American College of Medical Genetics and Genomics/Association for Molecular Pathology 

ACP, alcoholic chronic pancreatitis  

AIP, autoimmune pancreatitis 

AP, acute pancreatitis 

CFTR, cystic fibrosis transmembrane conductance regulator 



3 
 

CI, confidence interval 

CP, chronic pancreatitis 

CNV, copy number variant 

CTRC, chymotrypsin C 
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8.3KJPN, 8.3 K Japanese population reference panel 

KRGDB, Korean Reference Genome Database 

LD, linkage disequilibrium 

LoF, loss-of-function 

NA, not available 

OR, odds ratio 

RAP, recurrent acute pancreatitis 
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1. Introduction 

Chronic pancreatitis (CP) is a chronic inflammatory process leading to progressive morphological and 

functional changes of the pancreas [1, 2]. It has a prevalence of 36-125 per 100,000 individuals [3]. The process 

of CP is thought to be irreversible once initiated [4, 5] and there is currently no cure for the disease. Therefore, 

determining the genetic basis of CP holds out promise for developing new options in disease prevention and 

treatment. In 1996, a missense variant, p.Arg122His, in the PRSS1 gene (encoding cationic trypsinogen) was 

identified as a cause of an inherited form of CP, namely autosomal dominant hereditary CP (HCP) [6]. This 

marked the beginning of a new era in CP research. To date, more than 10 CP-related gene loci have been 

reported (for references, see [7]). Moreover, studies of PRSS1 variants led to the recognition of two distinct 

pathological pathways in the etiology of CP, namely the trypsin-dependent pathway [8] and the misfolding-

dependent pathway [9]. PRSS1 variants belonging to the former pathway include missense variants that increase 

trypsinogen (auto)activation and/or trypsin stability as well as copy number and regulatory variants that increase 

PRSS1 dosage; these variants have been collectively termed gain-of-function (GoF) variants [10]. PRSS1 

variants belonging to the latter pathway include only missense variants that could induce the formation of 

misfolded proteins that would in turn elicit endoplasmic reticulum (ER) stress; these variants have been termed 

gain-of-proteotoxicity (GoP) variants [10]. The existence of both GoF and GoP pathologically relevant PRSS1 

variants, together with the fact that PRSS1 variants have been identified in CP subtypes spanning monogenic to 

multifactorial, complicate the classification and interpretation of PRSS1 variants [11]. 

The American College of Medical Genetics and Genomics/Association for Molecular Pathology 

(ACMG/AMP)-recommended five-category scheme (i.e., “pathogenic”, “likely pathogenic”, “uncertain 

significance”, “likely benign” and “benign”) for classifying variants in Mendelian disease genes [12] has been 

widely used in the human genetics field. However, a serious drawback of this five-category scheme is that it 

cannot deal properly with variants that fall somewhere between “pathogenic” and “benign”. Employing CP as a 

disease model, and focusing on the four most studied CP-related genes (i.e., PRSS1, CFTR (encoding cystic 

fibrosis transmembrane conductance regulator) [13, 14], SPINK1 (encoding pancreatic secretory trypsin 

inhibitor) [15] and CTRC (encoding chymotrypsin C [16, 17]), we have recently proposed a seven-category 

system (i.e., “pathogenic”, “likely pathogenic”, “predisposing”, “likely predisposing”, “unknown significance”, 

“likely benign” and “benign”) for classifying variants in any disease-causing gene [10]. In a preprint, we have 

provided evidence to support our contention that the newly added “predisposing” variant classificatory category 
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is an appropriate repository for the many intermediate variants that fall somewhere between “pathogenic” and 

“benign” [18].  

As far as PRSS1 is concerned, our previous study employed many of the experimentally demonstrated GoF 

and GoP variants to establish proof of concept for our seven-category variant classification system [10]. Prior to 

our own study, two papers were directly relevant to the classification of PRSS1 variants. In 2014, Németh and 

Sahin-Tóth provided an early classification of the then published PRSS1 variants [19]. Their classifications relied 

strongly upon functional analysis data. For example, all variants that had not been functionally analyzed (apart 

from nonsense and canonical GT-AG splice site variants) were classified as being of “unknown significance”. 

Moreover, all missense variants that were experimentally shown to be compatible with a GoF or GoP mechanism 

were classified as “pathogenic”. The second paper did not include 5' and 3' variants or intronic variants (except 

for those occurring within the GT-AG canonical splice sites) and designated specific terms for classifying 

pathologically relevant PRSS1 variants (e.g., “pathogenic variants with established risk to be disease-causing”) 

[16]. Herein, we describe a classification of all currently known PRSS1 variants for CP within the framework of 

the ACMG/AMP guidelines-based seven-category variant classification system; an expert perspective from the 

Franco-Chinese GREPAN (Genetic REsearch on PANcreatitis) Study Group. 

 

2. Methods 

2.1. The Franco-Chinese GREPAN Study Group 

The Franco-Chinese GREPAN Study Group is composed of clinicians, geneticists, bioinformaticists and 

basic researchers from various regions of France and China. One of its tasks is to provide expert classifications 

of genetic variants reported in CP-related genes. In classifying the PRSS1 variants, the Study Group attempted to 

adhere to the ACMG/AMP guidelines wherever possible while making amendments and additions when 

required. 

 

2.2. PRSS1 variants 

PRSS1 variants were derived from a combination of data derived from the Genetic Risk Factors in Chronic 

Pancreatitis Database (https://pancreasgenetics.org/; accessed 08/31/2022) [19] (N.B. PRSS1 variant data have 

been removed from the database since November 2022) and the Human Gene Mutation Database (HGMD; 

https://www.hgmd.cf.ac.uk. Accessed 02/22/2023) [20]. Original reports describing the registered PRSS1 

variants were manually reviewed with respect to clinical genetic findings and data from functional analyses (see 

https://pancreasgenetics.org/
https://www.hgmd.cf.ac.uk/


6 
 

below). Inquiries were made to the original authors only in cases of uncertainty about the described sequence 

changes or variant nomenclature. Three variants were excluded from further consideration: one somatic variant 

and two variants obtained via personal communications. Cross-reference examination and keyword search 

(“PRSS1” plus “variant” or “mutation”) in PubMed did not identify additional variants beyond those registered 

in the two Databases (Figure 1).  

Variant nomenclature employed here was in accordance with Human Genome Variation Society 

recommendations [21]. Nomenclature at the DNA level was in relation to the hg19 chromosome 7 sequence 

whilst the nomenclature at the coding DNA reference followed NM_002769.5. 

 

2.3. Approaches to, and principles for, variant classification 

Functionality, a prerequisite for pathological relevance, is closely bound up with the type of variant or the 

variant’s location within the genomic sequence of the gene in question. This is of particular importance for 

classifying PRSS1 variants because both GoF and GoP variants are of pathological relevance whereas loss-of-

function (LoF) variants are benign in relation to CP [10]. We therefore classified them by variant type and 

pathological mechanism within the framework of our recently proposed ACMG/AMP guidelines-based seven-

category framework (Figure 1). Here, it is worth emphasizing three points. First, we previously proposed an 

allele frequency threshold, 0.001 as an aid to distinguish PRSS1 “pathogenic” variants from “predisposing” 

variants with respect to CP [10]. Thus, any pathologically relevant PRSS1 variant having an allele frequency of 

≥0.001 in the general population would be considered to be too common to cause CP; rather, it would be 

regarded as predisposing to CP. This proposition, which was based on the allele frequency cutoff recommended 

for filtering dominant Mendelian disease-causing variants [22], and validated against most of the experimentally 

confirmed PRSS1 GoF and GoP variants [10], will be adopted in the current study. Second, we previously 

proposed to classify LoF PRSS1 variants (e.g., nonsense and canonical GT-AG splice site variants) as “benign” 

whilst specifying their protective nature in parentheses after the primary variant classificatory category [10]. 

Herein, we will classify all predicted and experimentally demonstrated LoF variants as “benign” whilst using the 

complementary term protective only for those variants causing a complete or almost complete LoF of the 

affected allele. Third, PRSS1 variants were not only reported in subjects with CP but also in subjects with other 

diseases (see subsection 2.4.1). Here we included all known PRSS1 variants in our classification. However, for 

those variants that were reported only in the context of non-CP diseases, their classification was carried out 

solely in relation to their pathological relevance to CP rather than to the non-CP diseases. 
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2.4. Factors taken into consideration for variant classification 

2.4.1. Clinical genetic data 

Clinical genetic data refer to whether or not the variant in question has been found in subjects with CP or 

other diseases, or in controls. Data from some original reports were reinterpreted according to our working 

definitions of HCP, familial CP (FCP) and idiopathic CP (ICP) (for disease subtype definitions, see Masson et al. 

[15] and references therein). For frequently reported variants, usually only the first three and/or representative 

publications were cited. Definitions of a variant as common (allele frequency of ≥0.05), low frequency (≥0.005 

to <0.05), rare (≥0.001 to <0.005) or very rare (<0.001) are in accordance with Manolio et al. [23].  

PRSS1 variants have been confirmed to play a pathological role (either causative or predisposing) in not only 

HCP, FCP and ICP but also in alcoholic CP (ACP) (e.g., [24, 25]). PRSS1 variants may also play a role in 

autoimmune pancreatitis (AIP) (e.g., [26]) or asparaginase-associated pancreatitis [27] but definitive conclusions 

cannot be drawn at this stage owing to the limited data available and/or lack of replication. Here, clinical genetic 

findings made in these two rather specific manifestations of pancreatitis will not be considered as being 

informative with regard to the pathological role of PRSS1 variants in the etiology of CP.  

Whilst GoF and GoP PRSS1 variants predispose to CP, CP itself increases the risk of pancreatic cancer [28]. 

However, to date, a direct causal link between GoF and GoP PRSS1 variants and an increased risk of pancreatic 

cancer has not been established, let alone for cancers affecting other organs/tissues. Thus, germline PRSS1 

variants found in individuals with any type of cancer will not be interpolated to those variants found in 

individuals with CP. 

PRSS1 variants have sometimes been identified in patients with acute pancreatitis (AP), particularly 

recurrent AP (RAP) without known etiological factors. Given that 10% of subjects with a first attack of AP and 

36% of subjects with RAP would progress to CP [29], such findings will be considered here as clinical genetic 

evidence pertinent to the pathological role of PRSS1 variants in the etiology of CP. 

 

2.4.2. Functional analysis data 

Functional analysis data (with respect to the functional effect of the variant in question) refer to laboratory 

findings obtained from either biochemical analysis, cell transfection experiments, transgenic mouse studies or 

analyses performed using patient-derived material.  

 

2.4.3. Population allele frequency data 
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Global population allele frequency (gpAF) and highest subpopulation allele frequency (hspAF) of studied 

variants were obtained from the Genome Aggregation Database (gnomAD) [30, 31].  

 

2.4.4. In silico analyses and evidence-based conjecture 

The linkage disequilibrium (LD) between two variants was evaluated by means of the LDpair Tool available 

on the LD link website [32]. The regulatory potential of 5’ and 3’ variants was evaluated in terms of their 

RegulomeDB probability scores [33, 34], a model that integrated functional genomics features along with 

continuous values such as ChIP-seq signals, DNase-seq signals, information content change, and DeepSEA 

scores. The score ranges from 0 to 1. The higher the score, the more likely the variant is to be a functional 

regulatory variant [35]. SpliceAI [36, 37], the currently most accurate tool for predicting splicing variants (e.g., 

[38, 39]), was used to classify intronic, nonsense and synonymous variants in terms of their contribution to 

aberrant splicing. Evidence-based conjecture was employed for classifying variants without supporting 

functional data whenever appropriate.  

 

3. Results 

A total of 90 distinct germline PRSS1 variants, all reported in peer-reviewed papers, were derived from the 

two Databases that contain PRSS1 variant data (Figure 1). Mindful of the existence of two discrete pathological 

mechanisms underlying CP-related PRSS1 variants, these were divided into five subcategories for classificatory 

purposes. Before going into the details, we reiterate that some PRSS1 variants have so far only been reported in 

subjects with diseases other than CP; these variants were classified with respect to their relevance to CP rather 

than the non-CP diseases.  

 

3.1. Classification of gain of trypsinogen CNVs 

Consistent with previous publications [10, 19], all three gain of trypsinogen CNVs were classified as 

“pathogenic” because (i) they have been identified in multiple ICP patients and/or HCP or FCP families; (ii) they 

are absent or extremely rare in the general population; and (iii) their presumed dosage effect on the etiology of 

CP was confirmed by transgenic mouse studies (Table 1). 

 

3.2. Classification of 5' and 3' variants 

For ease of discussion, the 12 5' and 3' variants will be divided into common and uncommon variants. 
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3.2.1. Common variants 

All six common variants are in high LD, as indicated by the R2 values in Table 2. The first reported variant, 

c.-408T>C (rs10273639), will henceforth be used as a tag for this common haplotype. c.-408T>C has a global 

population allele frequency (gpAF) of 0.5189 in gnomAD (v2.1.1) [31]. A previous meta-analysis showed that 

c.-408T>C had a pooled odds ratio (OR) of 1.28 (95% confidence interval (CI) 1.17-1.40; p < 0.00001) for ICP 

[40].  

c.-204A>C (rs4726576) has been shown, both in silico and in vitro, to be a functional regulatory variant [41, 

42]. It has previously been classified as “predisposing” in the context of CP [10]. Of the remaining five variants, 

only c.-408T>C was subjected to a promoter reporter gene assay, and was shown to have no effect on gene 

expression [42].  

Herein, we assessed the regulatory potential of the six common variants in terms of the RegulomeDB 

probability score [33, 34]. As shown in Table 2, the experimentally demonstrated functional c.-204A>C variant 

has a RegulomeDB probability score of 0.75713 whereas the other five variants have scores of <0.14. We further 

correlated the six common variants with DNase I-accessible DNA regions in pancreatic tissue using data 

available from the NIH Roadmap Epigenomics Mapping Consortium website [43]. Only c.-204A>C was found 

to be located within a significant DNaseI-accessible DNA region within the PRSS1 locus (Supplementary Figure 

1). Additionally, c.-204A>C occurred within a MAF transcription factor binding site motif, according to 

RegulomDB [34] (Supplementary Figure 2a). Although MAF protein is highly expressed in the pancreas [44], to 

date, no studies have investigated its role in the exocrine pancreas. MAF proteins can act as transcriptional 

activators or repressors depending upon the target genes [45].  

The above cross-variant comparisons have demonstrated a clear difference between c.-204A>C and the other 

five common variants in terms of their potential regulatory features. This has served to strengthen the previous 

classification of c.-204A>C as “predisposing” while suggesting that the other five variants could be classified as 

“benign”. It should however be emphasized that c.-204A>C may not be the sole functional variant underlying 

the increased risk of the c.-408T>C-tagged haplotype. This risk haplotype has been recently shown to contain the 

PRSS3P2 and TRY7 pseudogenes whereas the alternative haplotype has lost the two pseudogenes [46, 47]; this 

alternative haplotype was reported to be associated with a protective effect against CP [48]. Interestingly, the 

risk haplotype appears to contain still functional PRSS3P2/TRY7 pseudogene enhancers that serve to upregulate 

pancreatic PRSS2 expression [49], which is consistent with the increasingly appreciated role of PRSS2 in 
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pancreatitis (see Masson et al. [48] and references therein). It is plausible that the risk conferred by the c.-

408T>C-tagged haplotype is attributable to two non-mutually exclusive mechanisms.  

 

3.2.2. Uncommon 5' variants 

Except for c.-338T>G, which was identified in 3 of 65 Chinese patients with pancreatic cancer but without 

pancreatitis [50], all six uncommon 5’ variants have been reported only once, either in CP patients or controls 

(Table 3). Herein, it should be noted that whereas c.-338T>G is very rare in combined gnomAD populations, it 

occurs as a low frequency variant in the Japanese and Korean populations according to their respective 

population-specific databases (i.e., 0.01468 in accordance with the 8.3 K Japanese population reference panel 

(8.3KJPN) project and 0.0109 in accordance with the Korean Reference Genome Database (KRGDB); Table 3). 

Four variants (c.-184G>A, c.-173C>T, c.-147C>T and c.-30_-28delTCC) were subjected to a promoter 

reporter gene assay but only c.-147C>T exhibited a significant (and negative) effect on gene expression [51]. 

Notably, c.-147C>T was identified as affecting a binding site for ATF4 [51]; ATF4 is highly expressed in the 

pancreas [44] and knockout of ATF4 has been reported to cause pancreatic deficiency in mice [52].  

We further performed a cross-variant comparison in terms of regulatory potential. All six uncommon 5' 

variants are located within the significant DNase I-accessible DNA region that contains the common c.-204A>C 

variant (refer to Supplementary Figure 1a). Presumably, the high RegulomeDB probability score for the 

functional c.-147C>T variant, 0.98, would be largely attributable to its location within this significant DNase I-

accessible DNA region and its disruption of the binding site for transcription factor ATF4 that has an 

experimentally confirmed role in the exocrine pancreas (Supplementary Figure 2b). By contrast, the identical 

and lower RegulomeDB probability score, 0.60906, for the other five variants would be accounted for by their 

location within the same significant DNase I-accessible DNA region even though they do not affect any known 

transcription factor binding sites (Table 3). 

Taken together, all six uncommon 5' variants could be classified as “benign” (Table 3). 

 

3.3. Classification of intronic variants 

3.3.1. Two canonical splice site variants 

Neither of the two canonical splice site variants, c.40+1G>A and c.200+1G>A, was found in subjects with 

pancreatitis (Table 4). Both of them represent predicted LoF (pLoF) variants in accordance with [30]. Herein, we 

confirmed their LoF nature by means of SpliceAI [36, 37]. c.40+1G>A was predicted to disrupt the splice donor 
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site of intron 1 whilst activating a nearby downstream cryptic splice donor site; the mutant transcript, which 

would be predicted to encode a product comprising only 19 amino acids (Supplementary Figure 3), is likely to be 

subject to significant degradation by nonsense-mediated mRNA decay [53]. c.200+1G>A was predicted to 

disrupt the splice donor site of intron 2 whilst activating an upstream cryptic splice donor site within exon 2; this 

would be predicted to lead to the loss of the terminal 33 bp of exon 2, which would in turn lead to the translation 

of a protein with an internal deletion of 11 amino acids; the mutant protein cannot be functional owing to the loss 

of histidine 63, one of trypsin’s catalytic triad residues (Supplementary Figure 4).  

Consistent with our previous publication [10], these two pLoF variants were classified as “benign 

(protective)”. 

 

3.3.2. A pentanucleotide deletion variant with accompanying in vivo functional data 

c.200+64_68delCCCAG was detected in a Chinese AIP family but did not segregate with the disease [all 

three patients (one homozygote) and 3 of 7 genetically analyzed healthy members carried the variant]; it was also 

detected in a Chinese idiopathic AIP patient but was absent from 520 unrelated healthy controls; RNA analysis 

using patient blood cells revealed a mutant transcript harboring an in-frame deletion of the first 141 nucleotides 

of exon 2 [54]. As illustrated in Supplementary Figure 5, the mutant transcript would encode a protein lacking 

amino acids 14-60 in the context of pretrypsinogen and the first 37 amino acids in the context of trypsin. Such a 

significantly truncated trypsin at the N-terminal end is unlikely to function properly. Indeed, in vitro biochemical 

characterization demonstrated that the mutant protein had lower trypsin activity than the wild-type protein with 

or without enterokinase treatment [54]. These, together with the fact that PRSS1 has no confirmed role in AIP, 

would suggest that the detection of c.200+64_68delCCCAG in AIP was most probably a chance finding. 

Consequently, we think that it is reasonable to classify c.200+64_68delCCCAG as “benign” in the context of 

CP. 

 

3.3.3. The remaining intronic variants 

Two of the remaining 15 entries are worthy of mention. The first is c.41-49C>T, which was identified in 2 

patients (father and son) of an FCP family. However, c.41-49C>T has a rather high allele frequency in the 

general population (i.e., gpAF, 0.001122; hspAF, 0.005499 (Table 4)). Applying our previously proposed allele 

frequency threshold of 0.001 [10] suggests that it is unlikely to be a “pathogenic” variant. The second is 
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c.454+172C>T, which was found in a HCP family. However, it was co-inherited with PRSS1 p.Asn29Ile, the 

second most frequent PRSS1 variant causing HCP.  

Importantly, none of these 15 variants were predicted by SpliceAI to affect splicing, supporting their 

“benign” nature from a mechanistic viewpoint.  

 

3.4. Classification of nonsense, frameshift deletion and synonymous variants 

In common with the two canonical splice site LoF variants (Table 4), none of the five pLoF variants including 

four nonsense (p.Y37*, p.W57*, p.Q86*and p.C160*) and one frameshift deletion (p.P164Lfs*3), were found in 

patients with CP (Supplementary Table 1). They are unequivocal LoF variants and were thus classified as 

“benign (protective)”. 

Two of the four silent variants, c.486C>T (p.D162=) and c.738C>T (p.N246=), are in high LD with the 

previously discussed c.-408T>C variant. The other two variants, c.273C>A (p.A91=) and c.417C>T (p.C139=), 

are rare in the general population. However, one was identified in a healthy subject whereas the other was 

identified in a patient with a disease (i.e., AIP) that was not considered relevant to PRSS1 variants 

(Supplementary Table 1). Additionally, the four silent variants were not predicted to affect splicing by SpliceAI. 

Taken together, all four silent variants could be reasonably classified as “benign” despite not being functionally 

analyzed. 

 

3.5. Classification of missense, small in-frame duplication and gene conversion variants 

3.5.1. Variants with supporting functional analysis 

Thirty-six of the 48 missense, small in-frame duplication and gene conversion variants have been 

functionally analyzed, mainly by the Sahin-Tóth group. A functional test is generally regarded as the gold 

standard for classifying any variant. Therefore, it is relatively straightforward to classify these 36 variants on the 

basis of their supporting functional data.  

All 17 experimentally demonstrated GoF variants had a hspAF of <0.001. Of these variants, 7 affected the 

activation peptide sequence (i.e., the first 7 variants in Table 5), 3 affected Asn29, 4 affected Arg122, 

p.Val39Ala segregated perfectly with the disease in a large HCP family (i.e., the variant was identified in all 

eight analyzed patients but not in any of the four healthy family members analyzed [55]) whilst p.E190K was 

identified in an 11-year-old girl with ICP. All these 16 variants were characterized by a GoF effect on PRSS1 

itself. The remaining p.Glu79Lys variant, which was identified in multiple ICP and FCP patients in four 
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independent studies (see Table 5), may be regarded as an outlier with respect to the GoF mechanism. The 

p.Glu79Lys-cationic trypsin was shown to transactivate PRSS2 (encoding anionic trypsinogen, the second major 

trypsinogen isoform after PRSS1) more efficiently than the wild-type [56]; a finding compatible with the 

growing view that increased PRSS2 expression acts as an independent GoF mechanism underlying CP [48]. In 

short, the clinical genetic, functional and population data concurred, supporting a “pathogenic” classification for 

all 17 variants. 

Of the 10 experimentally demonstrated GoP variants, 6 were characterized by a severe secretion effect and 

all these 6 variants had a hspAF of <0.001. Of the 6 variants associated with a severe secretion effect, 3 were 

further analyzed with respect to ER stress in transfected cells; all three were found to exhibit increased ER stress 

markers. Of these 3 variants, two had been identified in HCP families (Table 5). By contrast, none of the four 

variants characterized by a moderate secretion effect were found in HCP families. Most importantly, one of these 

variants, p.Gly208Ala, had an allele frequency of 0.009514 in East Asians; based upon data from a large Chinese 

cohort study [57], p.Gly208Ala was calculated to have an OR of 4.72 for ICP (95% CI 2.88-7.72, p = 9.2 × 10-11) 

[58]. As a matter of fact, it was these two latter observations that prompted our proposal of the seven-category 

variant classification system [10]. Now that p.Gly208Ala is unequivocally categorized as a “predisposing” 

variant, it would appear reasonable to use “moderate secretion defect” and “severe secretion effect” as additional 

and functional criteria for classifying these GoF variants. Thus, the six variants with a severe secretion effect 

were classified as “pathogenic” whereas the four variants with a moderate secretion effect were classified as 

“predisposing” (Table 6). 

All nine variants characterized by no effect or LoF were classified as “benign” (Table 5). 

 

3.5.2. Variants without supporting functional data 

The 12 missense variants lacking supporting functional data are summarized in Table 6. All were reported in 

single studies and were almost invariably found in single subjects. Moreover, seven of these variants were either 

found in controls or individuals with a disease that was not considered to be relevant to a pathological role for 

PRSS1 variants in CP. Nonetheless, just as a rare benign variant may be found in a CP patient by chance (see 

Table 5), a rare pathological variant may also be found in a non-CP patient or control by chance for many 

reasons (e.g., asymptomatic disease, late disease onset, low penetrance, de novo). It should also be emphasized 

that in silico prediction tools tend to have relatively poor overall performance in relation to missense variants 

[59]. Their utility would be even more limited for the prediction of functional consequences of PRSS1 variants 
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owing to the existence of two possible pathological mechanisms. GoF variants are inherently refractory to 

prediction [60] and we are not aware of any in silico tools that can distinguish GoP variants from LoF variants. 

Therefore, to be on the safe side, and following in the footsteps of Németh and Sahin-Tóth [19], all 12 missense 

variants could conservatively be classed as being of “unknown significance”. We nevertheless attempted to 

improve upon the classification of five of these variants using evidence-based conjecture.  

p.Val39Glu was found in a patient with RAP and is absent from gnomAD (Table 6). p.Val39Ala, which 

affected the same amino acid site as p.Val39Glu, was a “pathogenic” GoF variant (see Table 5). p.Val39Ala is 

thought to modify PRSS1 structure in such a way as to reduce trypsinogen cleavage at Arg122 by trypsin and at 

Leu81 by CTRC as well as reducing trypsin degradation by CTRC [61]. It is possible that p.Val39Glu (as well as 

p.V39G that was identified serendipitously in a pediatric soft tissue sarcoma survivor; Table 6) has a similar 

effect to p.Val39Ala. Taken together, we are minded to classify both p.Val39Glu and p.V39G as “likely 

pathogenic”. 

p.Gln98Arg was identified in a single patient with pancreatitis and has an extremely low allele frequency in 

gnomAD (Table 6). Interestingly, p.Gln98Lys was a “benign” variant (see Table 5). Given that arginine and 

lysine have remarkably similar physicochemical properties (i.e., both are polar and positively charged) [62], we 

suggest classifying p.Gln98Arg as “likely benign”.  

p.Leu104Val was identified in two patients and in two healthy members of a family with solid 

pseudopapillary tumors and is absent in gnomAD (Table 6). p.Leu104Pro was a pathogenic GoP variant (see 

Table 5). Since leucine is markedly different from proline but very similar to valine in terms of its 

physicochemical properties [62], we would classify p.Leu104Val as “likely benign”  

p.Val123Leu was found in a subject without any overt pancreatic disease and is very rare in gnomAD (Table 

6). p.Val123Met was a “benign” variant (see Table 5) and leucine is a conservative substitution for methionine 

[63], suggesting that p.Val123Leu is a “likely benign” variant. 

 

4. Discussion 

The Franco-Chinese GREPAN Study Group comprises clinicians, geneticists and basic researchers with 

diverse and complementary expertise in CP. In this study, the Group provides an expert classification of the 

currently reported 90 PRSS1 variants with respect to their clinical relevance in relation to CP. Based upon the 

combined consideration of clinical genetic, functional analysis, population data and in silico analysis and 

evidence-based conjecture when appropriate, we classified 26 variants as “pathogenic”, 2 variants as “likely 
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pathogenic”, 5 variants as “predisposing”, 7 variants as of “unknown significance”, 3 variants as “likely benign”, 

and 47 variants as “benign”. Apart from its completeness in terms of variants included, this study is 

characterized by two features. First, it employed in silico tools to aid the classification of 5’ and 3’, nonsense, 

silent and intronic variants but not missense variants. This decision was made on the basis of balancing the 

biological plausibility of a given type of variant being pathologically relevant to CP or not with the reliability 

(and feasibility) of the in silico prediction tools on the other. For example, SpliceAI is a highly accurate tool for 

predicting the potential effects of single nucleotide substitutions or small indel variants on splicing. Therefore, a 

negative prediction for any silent or intronic PRSS1 variant strongly supports a “benign” classification. Even in 

the case of a positive prediction (i.e., predicted to affect splicing), from a mechanistic viewpoint, the aberrantly 

spliced transcript would most likely lead to a LoF rather than a GoF or GoP. In this regard, it is worth 

mentioning that the vast majority of the silent and intronic PRSS1 variants registered by ClinVar are classified as 

“uncertain significance”, “conflicting interpretations of pathogenicity” or “likely benign” [64]. In line with our 

above reasoning, most, if not all, of these ClinVar-registered silent and intronic PRSS1 variants should be 

reclassified as “benign” with respect to CP. By contrast, the existence of two types of PRSS1 pathologically 

relevant missense variants, GoF and GoP, made in silico predictions undesirable because these predictions could 

be potentially misleading. Therefore, one may have to rely heavily on functional analysis to classify clinically 

relevant PRSS1 missense variants. Second, having compared the GoP variants with respect to their clinical 

genetic, functional analysis and population data, we proposed to classify the variants with a “moderate secretion 

defect” as “predisposing” and the variants with a “severe secretion defect” as “pathogenic”. This functional 

phenotype-based classification criterion, together with our previously proposed allele frequency threshold, 

promises to improve our understanding of the complexity underlying disease expression and the genotype-

phenotype relationship in CP.  

Variant classification is an important, complex and evolving issue in the field of human genetics, and this is 

reflected in the constantly refined variant classification standards/guidelines and the ever increasing number of 

reports of reclassified variants (for examples in both contexts, see [18]). In this vein, our proposed allele 

frequency threshold and functional phenotype-based classification criterion for distinguishing PRSS1 

“pathogenic” variants from “predisposing” variants (as well as our proposed classifications for some rare PRSS1 

missense variants) may need to be refined as more data become available. Indeed, separating “predisposing” 

variants from “pathogenic” variants is a difficult task, a process that would require us to make semi-arbitrary but 

nevertheless operational thresholds. As we noted previously, all such decisions “need to be made on a gene-by-
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gene basis and would require close collaboration between researchers and clinicians with specific expertise in the 

diseases/genes in question” [19]. 

In summary, this study provides a systematic classification of the so far reported 90 PRSS1 variants for CP 

within the framework of the ACMG/AMP guidelines-based seven-category variant classification system. We 

believe that our study will have immediate implications for interpreting ClinVar-registered PRSS1 variants and 

should serve to provide optimal guidelines/standards for reporting PRSS1 variants in the future. 

 

Acknowledgements 

Members of the Franco-Chinese GREPAN Study Group 

France: Amandine ABRANTES (CH Cornouaille, Quimper, France), Lina AGUILERA MUNOZ (Beaujon 

Hospital, Clichy, France), Jérémie ALBOUYS (Dupuytren University Hospital, Limoges, France), Laurent 

ALRIC (CHU Rangueil, Toulouse, France), Xavier AMIOT (Hôpital Tenon (AP-HP), Paris, France), Isabelle 

ARCHAMBEAUD (CHU Nantes, Nantes, France), Solène AUDIAU (CH Cholet, Cholet, France), Laetitia 

BASTIDE (Hospital of Saint-Etienne, Saint-Etienne, France), Julien BAUDON (CH Cholet, Cholet, France), 

Guy BELLAICHE (CHI d'Aulnay-sous-Bois, Aulnay-sous-Bois, France), Serge BELLON (Avignon Hospital, 

Avignon, France), Valérie BERTRAND (Le Havre Hospital, Le Havre, France), Karine BIDEAU (CH 

Cornouaille, Quimper, France), Kareen BILLIEMAZ (Hospital of Saint-Etienne, St-Etienne, France), Claire 

BILLIOUD (University Hospital Croix Rousse, Lyon, France), Sabine BONNEFOY (HIA Clermont-Tonnerre, 

Brest, France), Corinne BORDERON (CHU Estaing, Clermont Ferrand, France), Barbara BOURNET (CHU 

Rangueil, Toulouse, France), Estelle BRETON (CH Saint Brieuc, Saint-Brieuc, France), Mathias BRUGEL 

(CHU Reims, Reims, France), Louis BUSCAIL (CHU Rangueil, Toulouse, France), Guillaume CADIOT (CHU 

Reims, Reims, France), Marine CAMUS (Saint Antoine Hospital, Paris, France), Xavier CAUSSE (CHR 

Orléans, Orléans, France), Patrick CHAMOUARD (CHRU Strasbourg, Strasbourg, France), Ulriikka CHAPUT 

(Saint Antoine Hospital, Paris, France), Franck CHOLET (CHU Brest, Brest, France), Dragos Marius CIOCAN 

(Hôpital Antoine-Béclère, Clamart, France), Christine CLAVEL (Hôpital Robert Debré, Reims, France), Benoit 

COFFIN (Hôpital Louis Mourier, Colombes, France), Laura COIMET-BERGER (CH Cahors, Cahors, France), 

Isabelle CREVEAUX (CHU Clermont-Ferrand, Clermont-Ferrand, France), Adrian CULETTO (CHU Rangueil, 

Toulouse, France), Oussama DABOUSSI (CH Chartres, Chartres, France), Louis DE MESTIER (Beaujon 

Hospital, Clichy, France), Thibault DEGAND (CHU Dijon, Dijon, France), Christelle D'ENGREMONT (CHU 

Grenoble, Grenoble, France), Bernard DENIS (Hôpital Pasteur, Colmar, France), Solène DERMINE (Beaujon 



17 
 

Hospital, Clichy, France), Romain DESGRIPPES (CH Saint-Malo, Saint-Malo, France), Augustin DROUET 

D'AUBIGNY (CH Cornouaille, Quimper, France), Raphaël ENAUD (Pellegrin-Enfants Hospital, Bordeaux, 

France), Alexandre FABRE (Hôpital de la Timone Enfants, Marseille, France), Dany GARGOT (CH Blois, 

Blois, France), Eve GELSI (Archet II Hospital, Nice, France), Elena GENTILCORE (CH des Escartons, 

Briançon, France), Rodica GINCUL (Hôpital privé Jean Mermoz, Lyon, France), Emmanuelle GINGLINGER-

FAVRE (Hôpital de Mulhouse, Mulhouse, France), Marc GIOVANNINI (Institut Paoli Calmettes, Marseille, 

France), Cécile GOMERCIC (Archet II Hospital, Nice, France), Hannah GONDRAN (CHU Nantes, Nantes, 

France), Thomas GRAINVILLE (CHU Rennes, Rennes, France), Philippe GRANDVAL (Timone University 

Hospital, Marseille, France), Denis GRASSET (CH Bretagne Atlantique, Vannes, France), Stéphane 

GRIMALDI (CH Dax-Côte d'Argent, Dax, France), Sylvie GRIMBERT (GH Diaconesses, Paris, France), Hervé 

HAGEGE (CHI Villeneuve Saint Georges, Créteil, France), Sophie HEISSAT (Hôpital Femme Mère Enfant, 

Bron, France), Olivia HENTIC (Beaujon Hospital, Clichy, France), Anne HERBER-MAYNE (CH Chartres, Le 

Coudray, France), Marc HERVOUET (Hôpital d'instruction des armées Percy, Clamart, France), Solene 

HOIBIAN (Institut Paoli Calmettes, Marseille, France), Jérémie JACQUES (Dupuytren University Hospital, 

Limoges, France), Bénédicte JAIS (Beaujon Hospital, Paris, France), Mehdi KAASSIS (CH Cholet, Cholet, 

France), Stéphane KOCH (University Hospital of Besançon, Besançon, France), Elodie LACAZE (Le Havre 

Hospital, Le Havre, France), Joël LACROUTE (Clinique Sainte Barbe, Strasbourg, France), Thierry 

LAMIREAU (Pellegrin-Enfants Hospital, Bordeaux, France), Lucie LAURENT (Beaujon Hospital, Clichy, 

France), Xavier LE GUILLOU (CHU Poitiers, Poitiers, France), Marc LE RHUN (CHU Nantes, Nantes, 

France), Sarah LEBLANC (Hôpital privé Jean Mermoz, Lyon, France), Philippe LEVY (Beaujon Hospital, 

Clichy, France), Astrid LIEVRE (CHU Rennes, Rennes, France), Diane LORENZO (Beaujon Hospital, Paris, 

France), Frédérique MAIRE (Beaujon Hospital, Clichy, France), Kévin MARCEL (CH Bretagne Atlantique, 

Vannes, France), Clément MATIAS (CHU Amiens, Amiens), Jacques MAUILLON (Rouen University Hospital, 

Rouen, France), Stéphanie MORGANT (Beaujon Hospital, Clichy, France), Driffa MOUSSATA (Trousseau 

Hospital, Tours, France), Nelly MULLER (Beaujon Hospital, Clichy, France), Sophie NAMBOT (CHU Dijon, 

Dijon, France), Bertrand NAPOLEON (Hôpital privé Jean Mermoz, Lyon, France), Anne OLIVIER (Angers 

University Hospital, Angers, France), Maël PAGENAULT (CHU Rennes, Rennes, France), Anne-laure 

PELLETIER (Bichat Hospital, Paris France), Olivier PENNEC (CH Cornouaille, Quimper, France), Fabien 

PINARD (CH Cornouaille, Quimper, France), Mathieu PIOCHE (Edouard Herriot Hospital, Lyon, France), 

Bénédicte PROST (CH Saint Joseph Saint Luc, Lyon, France), Lucille QUENEHERVE (CHU Brest, Brest, 



18 
 

France), Vinciane REBOURS (Beaujon Hospital, Clichy, France), Noemi REBOUX (CHU Brest, Brest, France), 

Samia REKIK (Bichat Hospital, Paris, France), Ghassan RIACHI  (Rouen University Hospital, Rouen, France), 

Barbara ROHMER (Hôpital Femme Mère Enfant, Bron, France), Bertrand ROQUELAURE (Hôpital de la 

Timone Enfants, Marseille, France), Isabelle ROSA HEZODE (CHI de Créteil, Créteil, France), Florian 

ROSTAIN (Edouard Herriot Hospital, Lyon, France), Jean-Christophe SAURIN (Edouard Herriot Hospital, 

Lyon, France), Laure SERVAIS (Clinique Charcot, Saint Foy les Lyon, France), Roxana STAN-IUGA (Hôpital 

Dreux, Dreux, France), Clément SUBTIL (CHU Bordeaux, Bordeaux, France), Charles TEXIER (CH Cholet, 

Cholet, France), Lucie THOMASSIN  (Rouen University Hospital, Rouen, France), David TOUGERON 

(Poitiers University Hospital, Poitiers, France), Laurent TSAKIRIS (CH Melun, Melun, France), Jean-

Christophe VALATS (Hôpital Saint-Eloi, Montpellier, France), Lucine VUITTON (University Hospital of 

Besançon, Besançon, France), Timothée WALLENHORST (CHU Rennes, Rennes, France), Marc 

WANGERME (Poitiers University Hospital, Poitiers, France), Hélène ZANALDI (CH Bastia, Bastia, France), 

Frank ZERBIB (CHU Bordeaux, Bordeaux, France). 

China: Chen-Guang Bai (Changhai Hospital, Shanghai, China), Yun Bian (Changhai Hospital, Shanghai, 

China), Zhen-Zhai Cai (The Second Affiliated Hospital of Wenzhou Medical University, Wenzhou, China), 

Xiao-Yan Chang (Peking Union Medical College Hospital, Beijing, China), Guo-Dong Chen (Peking University 

People's Hospital, Beijing, China), Li Cheng (Shanghai General Hospital, Shanghai, China), Yu Chen (The 

Nanhai Hospital of Southern Medical University, Foshan, China), Jin-Tao Guo (Shengjing Hospital, Shenyang, 

China), Tao Guo (Peking Union Medical College Hospital, Beijing, China), Jun-Ling Han (Chinese PLA No.928 

Hospital, Haikou, China), Chao-Hui He (The Fifth Affiliated Hospital of Zunyi Medical University, Zhuhai, 

China), Liang-Hao Hu (Changhai Hospital, Shanghai, China), Hao-Jie Huang (Changhai Hospital, Shanghai, 

China), Li Huang (The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China), Li-Ya Huang 

(General Hospital of Ningxia Medical University, Yinchuan, China), Si-Lin Huang (South China Hospital of 

Shenzhen University, Shenzhen, China), Wei Huang (West China Hospital, Chengdu, China), Fei Jiang 

(Changhai Hospital, Shanghai, China), Hui Jiang (Changhai Hospital, Shanghai, China), Feng-Chun Lu (Fujian 

Medical University Union Hospital, Fuzhou, China), Guo-Tao Lu (The Affiliated Hospital of Yangzhou 

University, Yangzhou, China), Zi-Peng Lu (The First Affiliated Hospital of Nanjing Medical University, 

Nanjing, China), Hui-Ping Li (The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China), 

Jing Li (West China Hospital, Chengdu, China), Le Li (The First Affiliated Hospital of Harbin Medical 

University, Harbin, China), Qiang Li (Heilongjiang Provincial Hospital, Harbin, China), Xiao-Yu Li (The 



19 
 

Affiliated Hospital of Qingdao University, Qingdao, China), Qing Lin (Guangdong Provincial People’s Hospital, 

Guangdong, China), Yu-Li Lin (Basic Medical College of Fudan University, Shanghai, China), Gai-Fang Liu 

(The Third Hospital of Hebei Medical University, Shijiazhuang, China), Jie-Min Liu (Guizhou Provincial 

People’s Hospital, Guiyang, China), Li-Xin Liu (The First Affiliated Hospital of Shanxi Medical University, 

Taiyuan, China), Pi Liu (The People’s Hospital of Longhua, Shenzhen, China), Yi-Pin Liu (Yantai Affiliated 

Hospital of Binzhou Medical University, Yantai, China), Dong Lu (The First Affiliated Hospital of Fujian 

Medical University), Xiao-Dong Shao (General Hospital of Shenyang Military Command, Shenyang, China), 

Zhuo Shao (Changhai Hospital, Shanghai, China), Xu-Rui Song (970 Hospital, Weihai, China), Lei Wang 

(Changhai Hospital, Shanghai, China), Li-Juan Wang (Shanghai Institute of Pancreatic Diseases, Shanghai, 

China), Li-Sheng Wang (Shenzhen People’s Hospital, Shenzhen, China), Lin Wang (Xijing Hospital, Xi'an, 

China), Wei Wang (Shanghai General Hospital, Shanghai, China), Zheng Wang (The First Affiliated Hospital of 

Xi'an Jiao Tong University, Xi'an, China), Li Wen (Peking Union Medical College Hospital, Beijing, China), Xi 

Wu (Peking Union Medical College Hospital, Beijing, China), Lei Xin (Changhai Hospital, Shanghai, China), 

Jing Xue (Ren Ji Hospital, Shanghai, China), Hong Yang (Peking Union Medical College Hospital, Beijing, 

China), Jian-Feng Yang (Affiliated Hangzhou First People’s Hospital, Hangzhou, China), Bei-Ping Zhang 

(Guangdong Provincial Hospital of Chinese Medicine, Guangdong, China), Guo-Wei Zhang (Nanfang Hospital, 

Guangzhou, China), Rong-Chun Zhang (Xiamen humanity hospital, Xiamen, China), Yi-Jun Zhao (The First 

Affiliated Hospital of Anhui Medical University, Hefei, China), Si-Si Zhou (Qinghai Provincial People’s 

Hospital, Qinghai, China), Ke-Xiang Zhu (The First Hospital of Lanzhou University, Lanzhou, China). 

 

Financial support 

This work was supported by the Institut National de la Santé et de la Recherche Médicale (INSERM), the 

Association des Pancréatites Chroniques Héréditaires and the Association Gaétan Saleün, France and the 

National Natural Science Foundation of China (no. 82120108006 [Z.L.]). N.P. received a one-year visiting PhD 

student scholarship from the China Scholarship Council, the Ministry of Education of China (no. 

202006190267). The funding sources did not play any role in the study design, collection, analysis or 

interpretation of the data or in the writing of the report. 

 

Author contributions 



20 
 

E.M. and W.B.Z. contributed to the study design, data collection, performed variant classification and 

contributed to manuscript writing. N.P. collected data and performed variant classification. V.R. and E.G. 

analyzed data and critically revised the manuscript with important intellectual input. H.W, J.H.L. and Y.C.W. 

contributed to data collection and variant classification. Z.S.L. contributed to study conception and critically 

revised the manuscript with important intellectual input. D.N.C. contributed to the study design and variant 

classification and led manuscript revision. C.F. contributed to study conception, supervised the study and 

critically revised the manuscript with important intellectual input. Z.L. contributed to study conception, led the 

Chinese group and contributed to variant classification. J.M.C. conceived and coordinated the study, collected 

data, performed variant classification and drafted the manuscript. All authors approved the final manuscript 

submitted. 

 

Declaration of competing interest 

The authors are unaware of any conflict of interest. 

 

Appendix A. Supplementary data 

  



21 
 

 

Figure 1. Variant collection and classification procedures. 
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Table 1. Classification of gain of trypsinogen CNVs 

Variant Clinical genetic data Functional analytic data gpAF (hspAF)a Classification (for 

CP) 

Triplication Causes HCP in multiple families; has also been 

identified in cases with FCP and ICP [41, 65-

67] 

GoF (three mouse transgenic studies [68-

70] were retrospectively identified to be 

informative in relation to the pathogenic 

mechanism underlying the trypsinogen 

gene dosage effect in pancreatitis [41]) 

NA Pathogenic  

Duplication Detected in multiple ICP patients and one 

patient with FCP [41, 66, 67] 

Same as above 0.00004610 (0.0001049, 

African/African American) 

Pathogenic  

Double GoF 

hybrid variant 

Identified in 1 HCP family with 6 patients 

across 3 generations [71] 

GoF (gene dosage plus the effect of 

p.Asn29Ile) [71]) 

NA Pathogenic  

aIn accordance with gnomAD SVs v2.1 [31]. NA, not available. 

  



23 
 

Table 2. Classification of common PRSS1 5' and 3' variants  

Location Varianta R2 (with 

respect to 

rs10273639)b 

Clinical genetic data Functional data RegulomeDB 

scorec 

Classification 

(for CP) c.nomenclature 

(NM_002769.5) 

g.nomenclature 

(chr7, hg19) 

rs number 

5' c.-408T>C g.142456928T>C rs10273639  Association with CP 

discovered by means 

of GWAS [24]; 

replicated in multiple 

subsequent studies 

(pooled odds ratio for 

ICP, 1.28 [40], which 

was calculated here to 

correspond to an 

increase in absolute 

risk from 0.0084% to 

0.011%) 

Not functional by means 

of a promoter reporter 

gene assay [42]; the risk 

haplotype is associated 

with slightly increased 

PRSS1 and PRSS2 mRNA 

expression in pancreatic 

tissue in a dosage-

dependent manner [24, 

40]; the risk haplotype 

contains still functional 

PRSS3P2/TRY7 

pseudogene enhancers that 

upregulate pancreatic 

PRSS2 expression [48, 49] 

0.13454 Benign 

 

5' c.-204A>C g.142457132A>C rs4726576 0.9365 Found to be in 

complete LD with c.-

408T>C by 

resequencing the 

promoter region of 

PRSS1 in French 

Caucasian individuals 

[42] 

GoF (increased gene 

expression by means of a 

promoter reporter gene 

assay [42]) 

0.75713 Predisposing  

 

5' c.-1809A>G g.142455527A>G rs3757378 0.7111 Found by direct 

sequencing of 2.1 kb 

PRSS1 5' region; 

linked with c.-408T>C 

and c.-204A>C but not 

associated with 

tropical calcific 

pancreatitis [72] 

No data available 0.00347 Benign 

 

5' c.-1798T>C g.142455538T>C rs3757377 0.7158 Same as c.-1809A>G No data available 0.13454 Benign 

 

5' c.-1383A>G g.142455953A>G rs9969188 0.9568 Same as c.-1809A>G No data available 0.0 Benign 
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3' c.*12,596G>A g.142473466G>A rs13228878 0.6593 Identified by GWAS; 

linked with c.-408T>C 

and associated with 

asparaginase-

associated pancreatitis 

[27] 

No data available 0.09659 Benign 

 

aVariants are listed in the order of publication year. 
bData were obtained using the LDproxy Tool available on the LD link website [32] in the context of all populations. 
cData were obtained from the RegulomeDB website [34].  
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Table 3. Classification of uncommon PRSS1 5' variants  

Variant Clinical genetic 

data 

Functional data gpAF (hspAF)a RegulomeDBb Classification 

(for CP) c.nomenclature 

(NM_002769.5) 

g.nomenclature 

(chr7, hg19) 

rs number Score Motif 

c.-338T>G g.142456998T>G rs184553357 Identified in 3 of 65 

Chinese patients 

with pancreatic 

cancer (but without 

pancreatitis) [50] 

No data available 0.00006389 (0.001284, 

East Asian) [N.B. allele 

frequency in the Japanese 

population, 0.01468 

(8.3KJPN project) [73]; 

allele frequency in the 

Korean population, 0.0109 

(KRGDB project) [74]] 

0.60906 No Benign 

c.-184G>A g.142457152G>A rs139432246 Found in 1 of 242 

French ICP patients 

(not in 384 

controls) by 

resequencing [51] 

No effect on 

reporter gene 

expression [51] 

0.005121 (0.01849, 

African/African American) 

0.60906 No Benign 

c.-173C>T g.142457163C>T rs572772014 Found in 1 of 384 

French controls (not 

in 242 ICP patients) 

by resequencing 

[51] 

No effect on 

reporter gene 

expression [51] 

0.00003225 (0.00006529, 

non-Finnish European) 

0.60906 No Benign 

c.-147C>T g.142457189C>T rs754367025 Found in 1 of 384 

French controls (not 

in 242 ICP patients) 

by resequencing 

[51]  

Significantly 

reduced reporter 

gene expression 

(a reduction of 

86% of normal) 

by reducing the 

affinity of an 

ATF4 

transcription 

factor binding site 

[51] 

Absent 0.98c ATF4c Benign  

c.-36G>A g.142457300G>A rs377134514 Found in 1 of 236 

healthy Greek 

subjects [75] 

No data available 0.00002475 (0.00005014, 

East Asian) 

0.60906 No Benign 

c.-30_-

28delTCC 

g.142457306_142

457308del 

rs1287463139 Found in a single 

CP patient [76] 

Mild effect on 

reporter gene 

expression (a 

0.0004914 (0.004245, 

African/African American) 

0.60906d Nod Benign  
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reduction of 24% 

of normal) [51] 
aIn accordance with gnomAD v2.1.1 [31]. 
bData were obtained from the RegulomeDB website [34]. 
cUsed chr7:142457189-142457190 for querying RegulomeDB [34]. 
dUsed chr7:142457306-142457307 for querying RegulomeDB [34]. 

  



27 
 

Table 4. Classification of PRSS1 intronic variants 

Intron Variant Clinical genetic data Functional data gpAF (hspAF)a Classification 

(for CP) c.nomenclature 

(NM_002769.5) 

g.nomenclature 

(chr7, hg19) 

rs number 

1 c.40+1G>A g.142457376G>A rs149125789 Identified in a patient 

with benign pancreatic 

hyperenzymemia but 

without pancreatitis [77] 

No data available 0.00006010 (0.0003204, 

African/African American) 

Benign 

(protective) 

1 c.40+40delC g.142457415del rs779579792 Identified in 1 of 381 

patients with 

pancreatitis; no controls 

were analyzed [78] 

No data available 0.0002134 (0.0005651, 

Latino/Admixed 

American) 

Benign 

1 c.41-49C>T g.142458357C>T rs190942214 Detected in 2 patients 

(father and son) from a 

FCP family; no controls 

were analyzed [79] 

No data available 0.001122 (0.005499, 

Ashkenazi Jewish) 

Benign 

2 c.200+1G>A g.142458566G>A rs143909348 Identified in 1 of 55 

alcoholics without 

pancreatitis [80] 

No data available 0.004579 (0.0287 

African/African American) 

Benign 

(protective) 

2 c.200+64_68delC

CCAGb 

g.142458629_142

458633del 

rs377590054 Detected in all three 

patients (one 

homozygote) and in 3 of 

7 healthy members of a 

Chinese AIP family; 

detected also in a 

Chinese idiopathic AIP 

patient; absent in 520 

unrelated healthy 

controls [54] 

In-frame deletion of the 

first 141 nucleotides of 

exon 2 (RNA analysis 

using patient’s blood 
cells); in vitro 

biochemical 

characterization 

demonstrated that the 

mutant protein had 

lower trypsin activity 

than the wild-type 

protein [54] 

0.00001422 (0.0002009, 

East Asian) 

Benign 

2 c.201-99G>C g.142459526G>C rs530407004 Identified in 1 of 50 

patients with familial 

intestinal gastric cancer 

and 1 of 107 subjects 

from the normal Italian 

Tuscany population [81] 

No data available 0.0007646 (0.001297, 

European (non-Finnish)) 

Benign 

3 c.454+10A>Cc g.142459888A>C Not available Identified in 5 of 253 

Han Chinese patients 

No data available  NA Benign 
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with pancreatitis 

(comprising 22 with 

alcohol-related diseases, 

16 with idiopathic 

disease, 30 cases with 

hyperlipidemia, 35 with 

the hereditary form from 

six families, and 150 

with gallbladder disease) 

[82] 

3 c.454+36T>Cd g.142459914T>C rs761438114 Identified in 2 of 65 

Chinese patients with 

pancreatic cancer [83] 

No data available 0.0001275 (0.001655, East 

Asian) 

Benign 

3 c.454+75A>G g.142459953A>G rs1376416883 Identified in 27 of 253 

Chinese patients with 

pancreatitis (comprising 

22 with alcohol-related 

diseases, 16 with 

idiopathic disease, 30 

cases with 

hyperlipidemia, 35 with 

the hereditary form from 

six families, and 150 

with gallbladder disease) 

and in 4 of 320 controls 

[82] 

No data available NA Benign 

3 c.454+127A>Te g.142460005A>T rs376116875 Detected in 1 of 29 

Chinese patients with 

pancreatitis; this patient 

also carried 

c.454+157C>G 

(incorrectly named 

c.454+157G>C) [83]. 

Whether the two variants 

were in cis or in trans is 

unknown 

No data available NA Benign 

3 c.454+157C>Gf g.142460035C>G rs371236770 Detected in 2 of 156 

Chinese patients with 

pancreatic cancer [84] 

No data available NA Benign 
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3 c.454+157C>Ag g.142460035C>A Not available Detected in 1 Chinese 

patient with CP [85] 

No data available NA Benign 

3 c.454+172C>T g.142460050C>T rs878977606 Co-inherited with PRSS1 

p.Asn29Ile in four 

patients from a HCP 

family [86] 

No data available NA Benign 

3 c.455-192T>Ag g.142460090T>A Not available Detected in 1 Chinese 

patient with CP [85] 

No data available NA  

4 c.592-79G>Ah g.142460640G>A rs531271210 Detected in 2 (one Italian 

male and one Turkish 

female) of 109 patients 

with ICP [87] 

No data available NA Benign 

4 c.592-78G>Ah g.142460641G>A rs1337286040 Detected in 2 (one Italian 

male and one Turkish 

female) of 109 patients 

with ICP [87] 

No data available NA  

4 c.592-24C>T g.142460695C>T rs192452846 Detected in 1 of 381 

patients with 

pancreatitis; no controls 

were analyzed [78] 

No data available 0.003316 (0.005373, non-

Finnish European) 

Benign 

4 c.592[-11C>T;-

8C>T]i 

g.[142460708C>T

;142460711C>T] 

rs183791770; 
rs200381474 

Detected in 1 of 381 

patients with 

pancreatitis; no controls 

were analyzed [78] 

No data available 0.003305 (0.01476, South 

Asian) 

Benign  

aIn accordance with gnomAD v2.1.1 [31]. 
bIncorrectly named as c.200+56_60delCCCAG in the original report [54]. 

cIncorrectly named as c.454+10T>G in the original report [82]. 
dIncorrectly named as c.454+36A>G in the original report [83]. 
eIncorrectly named as c.454+127T>A in the original report [83]. 
fIncorrectly named as c.454+157G>C in the original report [84]. 
gThese variants were incorrectly described as exon 3 variants in the original report and were identified in the same patient [85]. Whether the two variants were in cis or in 

trans is unknown. 
hThese two variants were detected together. They are likely in cis given their adjacent positions. 
iThe two variants were annotated here to be in cis since they are in complete LD (R2 = 1.0) using the LDpair Tool [32] in the context of all populations. 
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Table 5. Classification of functionally analyzed PRSS1 missense variants, small in-frame duplication and gene conversion variants 

Exon Variant Clinical genetic dataa Functional consequence gpAF (hspAF)d Classification 

(for CP) c.nomenclature 

(NM_002769.5) 

Amino acid 

change 

Number of HCP 

families (family 

description) reportedb 

Otherc 

GoF 

2 c.47C>T p.A16V 2 (4 patients across 2 

generations; 3 patients 

across 2 generations) 

[88] 

Also reported in patients 

with FCP or ICP (e.g., [89-

91]. It is the third most 

commonly detected rare 

PRSS1 variant in CP [92] 

Increased activation [61] NA [92] Pathogenic 

2 c.49C>A  p.P17T  Arose de novo in a 

Hungarian CP patient [93] 

Increased activation [93] NA Pathogenic 

2 c.56A>C  p.D19A  Identified in a French ICP 

patient [94] 

Increased autoactivation 

[94] 

NA Pathogenic 

2 c.62A>C  p.D21A 1 (5 patients across 3 

generations) [95] 

 Increased activation [96] NA Pathogenic 

2 c.65A>G  p.D22G  Identified in two patients 

of a FCP family [97] 

Increased autoactivation 

[94] 

NA Pathogenic 

2 c.68A>G  p.K23R  Reported in a dozen of CP 

patients (e.g., [76, 98-100]) 

Increased autoactivation 

[94, 101] 

NA Pathogenic 

2 c.63_71dup  p.K23_I24in

sIDK 

1 (3 patients across 2 

generations) [102] 

 Increased activation [102] NA Pathogenic 

2 c.86A>T  p.N29I The second most 

frequent variant causing 

HCP; in the first report, 

one family had 19 

patients across 7 

generations [103] 

Also frequently reported in 

patients with ICP (e.g., 

[57, 104, 105] 

Increased activation and 

stability [61] 

NA Pathogenic 

2 c.[86A>T;161A

>G] (gene 

conversion) 

p.[Asn29Ile;

Asn54Ser] 

 Identified in a patient with 

ICP [106] 

Increased autoactivation 

(solely due to p.Asn29Ile) 

[106]  

NA Pathogenic 

2 c.86A>C  p.N29T 1 (8 patients across 3 

generations) [107] 

Also reported in patients 

with FCP, ICP or RAP 

[108, 109] 

Increased activation and 

stability [61] 

NA Pathogenic 

2 c.116T>C p.V39A 1 (9 patients across 3 

generations) [55] 

 Increased stability [61] NA Pathogenic 
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3 c.235G>A p.E79K  Identified in a French ICP 

patient [110]; two German 

FCP patients (brothers), a 

French FCP patient and a 

Belgian ICP patient [56]; a 

Brazilian ACP patient 

[111]; two Polish FCP 

patients and one Polish 

ICP patient [112] 

Increased transactivation 

of PRSS2 [56]; there is 

growing evidence that 

increased expression of 

PRSS2 is an independent 

mechanism underlying CP 

[48] 

0.00003579 

(0.0003076, 

African/African 

American) 

Pathogenic 

3 c.364C>T p.R122C  Identified in cases with 

ICP worldwide (e.g., [57, 

105, 113]) as well as in 

FCP families [108, 114] 

Increased autoactivation 

and stability [61, 114] 

0.00001988 

(0.00003517, European 

(non-Finnish)) 

Pathogenic 

3 c.365G>A p.R122H The most frequent 

variant causing HCP; in 

the discovery report, one 

family had 20 patients 

across 4 generations [6] 

Also frequently reported in 

ICP patients (e.g., [57, 

104, 105] 

Increased autoactivation 

and stability [61, 115] 

0.00001062 

(0.00002327, European 

(non-Finnish)) 

Pathogenic 

3 c.365_366GC>

AT (gene 

conversion) 

p.R122H 1 (4 patients across 4 

generations) [116] 

Identified in a Belgian 

patient with ICP [117] 

Increased autoactivation 

and stability [61, 115] 

NA Pathogenic 

3 c.[343T>A;347

G>C;365_366d

elinsAT] (gene 

conversion) 

p.[S115T;R1

16P;R122H] 

 Identified in a 20-year-old 

German male with RAP; 

de novo occurrence in a 7-

year-old Polish girl with 

CP [118] 

A combination of 

increased trypsinogen 

activation (attributable to 

p.Arg122His) and 

secretion (attributable to 

p.Arg116Pro) [118] 

NA Pathogenic 

4 c.568G>A p.E190K  Identified in an 11-year-

old girl with ICP [119] 

Increased autoactivation 

[119] 

NA Pathogenic 

GoP 

3 c.276G>T p.K92N  Identified in a Caucasian 

ICP patient [110] and a 

Chinese AIP patient [26] 

Moderate secretion defect 

[120] 

NA Predisposing 

3 c.298G>C p.D100H  Identified in 1/109 

Caucasian patients with 

ICP [87] 

Severe secretion defect 

[120] 

NA Pathogenic 
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3 c.311T>C p.L104P 2 (both having 3 patients 

across 3 generations) 

[91, 121]; 

Also identified in a 

Chinese patient with ICP 

[122] 

Severe secretion defect and 

elevation of ER stress 

marker [123] 

NA Pathogenic 

3 c.346C>T p.R116C 2 (3 patients across 2 

generations [124]; 3 

patients across 3 

generations [125]) 

Also reported in patients 

with ICP (e.g. [57, 87, 

126]), AIP [26] or 

pancreatic cancer [127] 

Severe secretion defect and 

elevation of ER stress 

marker [125] 

0. 00007072 

(0.0007018, East 

Asian) 

Pathogenic 

3 c.371C>T p.S124F  Identified in 1 of 660 

German CP patients [105] 

Moderate secretion effect 

[120] 

0.000003977 

(0.00005437, East 

Asian) 

Predisposing 

3 c.380C>G p.S127C  Identified in an ICP patient 

and his unaffected mother 

[128] 

Severe secretion defect and 

elevation of ER stress 

marker [128] 

NA Pathogenic 

3 c.415T>A p.C139S  Identified in a 7-year-old 

white girl with CP [78] 

and a Chinese patient with 

AIP [26] 

Severe secretion defect 

[125] 

NA Pathogenic 

3 c.416G>T p.C139F  Identified in a German 

patient with RAP and her 

unaffected mother [91] and 

a Chinese patient with AIP 

[26] 

Severe secretion defect 

[120] 

NA Pathogenic 

4 c.508A>G p.K170E  Identified in a patient with 

CP [129] 

Moderate secretion effect 

[120] 

NA Predisposing  

5 c.623G>C p.G208A  Found in a 12-year-old 

Asian boy with pancreatitis 

(homozygote), who also 

carried CFTR p.Phe508del 

and p.Gln1352His [78]; 

Identified in 1 of 18 

Korean children with RAP 

[109]; 

Identified in 8 of 232 

Japanese ACP patients, 9 

of 198 Japanese ICP 

patients and 1 of 411 

controls [130]; 

Identified in 89 (2 

homozygotes) of 1061 

Moderate secretion defect 

[120] 

0.0007141 (0.009873, 

East Asian) 

Predisposing  
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Chinese ICP patients and 

22 of 1196 controls [57]; 

Based upon data from ref. 

[57], the allele-based OR 

of p.Gly208Ala for ICP 

was calculated to be 4.72 

(95% CI 2.88-7.72, p = 9.2 

× 10-11) [58] 

No effect or loss-of-function 

2 c.107C>G  p.P36R  Identified in two patients 

with ICP [110, 120] 

Loss-of-function 

(degradation by CTRC) 

[120] 

0.00009908 (0.001353, 

East Asian) 

Benign 

3 c.241C>A p.L81M  Not segregated with CP in 

a Chinese AIP family (i.e., 

the variant was identified 

in the index patient with 

CP (12 y, female), her 

grandmother with CP and 

her healthy aunt but not in 

her grandfather with CP) 

[131] 

Biochemical analysis of 

recombined trypsinogen 

expressed in E. coli did not 

find differences in 

autoactivation or trypsin 

activity between the 

mutant and wild-type 

molecules [131]. 

Cleavage at Leu81 by 

CTRC is required for 

CTRC-dependent 

degradation of PRSS1 [61, 

132]. Methionine is one of 

the conservative 

substitutions for leucine 

[63] and is one of the 

preferential cleavage sites 

of CTRC [133] 

NA Benign 

3 c.248G>A p.G83E  Identified in 1 patient with 

ICP [110] 

Loss-of-function 

(degradation by CTRC) 

[120] 

NA Benign 

3 c.263T>A p.I88N  Identified in 1 patient with 

CP [78] 

Loss-of-function 

(degradation by CTRC) 

[120] 

0.000007953 

(0.00004619, European 

(Finnish)) 

Benign 

3 c.292C>A p.Q98K  Identified in 1 patient with 

CP [129] 

Functionally neutral [120] 0.0001494 (0.0005880, 

Ashkenazi Jewish) 

Benign 
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3 c.361G>A p.A121T  Identified in a Chinese 

patient with FCP (the 

index patient and his 

unaffected son carried the 

variant; the deceased index 

patient’s father was 
reported to have CP) [134] 

and a German patient with 

ICP [135] 

Functionally neutral by 

biochemical analysis; and 

no secretion defect [136] 

0.00001995 

(0.00006172, 

African/African 

American) 

Benign 

3 c.367G>A p.V123M  Identified in 1 patient with 

ICP [110] 

Loss-of-function 

(degradation by CTRC) 

[120] 

0. 00003183 

(0.0001003, East 

Asian) 

Benign 

3 c.410C>T p.T137M  Identified in an 13-year-

old Asian girl with AP 

[78]; 1/129 Chinese 

patients with ICP [122]; 

and a Chinese patient with 

pancreatic cancer (who 

also carried c.403A>G 

(p.Thr135Ala)) [84] 

Functionally neutral [120] 0.0006792 (0.009425, 

East Asian) 

Benign 

4 c.541A>G p.S181G  Identified in 6-year-old 

Italian boy with RAP; the 

patient also carried CFTR 

p.Phe508del; the two 

variants were present in 

the clinically normal 

mother [137] 

Functionally neutral [120] 0.00006362 

(0.0002613, South 

Asian) 

Benign 

aData from some original reports were reinterpreted according to our working definitions of HCP, FCP and ICP.  
bMost of these data were taken from Masson et al. [10]. 
cFor frequently reported variants, usually only the first three and/or representative publications were cited. 
dIn accordance with gnomAD v2.1.1 [31].  
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Table 6. Classification of PRSS1 missense variants without supporting functional data 

Exon Variant Clinical genetic data gpAF (hspAF)a Classification 

c.nomenclature 

(NM_002769.5) 

Amino acid 

change 

2 c.116T>A p.V39E Identified in 1 patient with RAP [138] NA Likely pathogenic 

2 c.116T>G p.V39G Identified in a pediatric soft tissue sarcoma 

survivor [139] 

NA Likely pathogenic 

2 c.125A>G p.N42S Identified in 1 patient with RAP [138] NA Unknown significance 

2 c.200C>T p.S67F Reported by a study of 10,389 cases from 33 

cancer types [140] 

0.00001593 (0.00002892, 

Latino/Admixed American) 

Unknown significance 

3 c.293A>G p.Q98R Identified in 1 patient with pancreatitis [99] 0.000003976 (0.000008790, 

European (non-Finnish)) 

Likely benign 

3 c.296A>G p.Y99C Identified in a patient with pancreatic ductal 

adenocarcinoma [141] 

0.000007953 (0.00001758, European 

(non-Finnish) 

Unknown significance 

3 c.310C>G p.L104V Identified in two patients and two healthy 

members of a family with solid pseudopapillary 

tumors [142] 

NA Likely benign 

3 c.367G>T p.V123L Found in 1/1000 German subjects without any 

pancreatic disease [120] 

0.00003579 (0.00007033, European 

(non-Finnish)) 

Likely benign 

3 c.403A>G p.T135A Found in a Chinese patient with pancreatic cancer 

who also carried c.410C>T (p.Thr137Met; see 

Table 6); whether the two variants are in cis or in 

trans remains unknown [84] 

0.000007141 (0.00002828, 

Latino/Admixed American) 

Unknown significance 

3 c.443C>T p.A148V Identified in a patient with benign pancreatic 

hyperenzymemia [77] 

0.0003605 (0.002564, 

African/African American) 

Unknown significance 

4 c.487G>A p.A163T Identified in an ICP patient [143] 0.00004242 (0. 0002257, 

Latino/Admixed American) 

Unknown significance 

4 c.544A>T p.N182Y Identified in 1 of 1061 Chinese patients with ICP 

[57] 

NA Unknown significance 

aIn accordance with gnomAD v2.1.1 [31]. 
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