
REVIEW
 CURRENT
OPINION Genetic risk in chronic pancreatitis: the

misfolding-dependent pathway
www.co-gastroenterology.com
Miklós Sahin-Tóth
Purpose of review

Genetic risk in chronic pancreatitis is partly due to mutations that cause misfolding of digestive enzymes
and elicit endoplasmic reticulum stress. This review examines recent developments in this concept.

Recent findings

The best characterized misfolding variants in the highly expressed digestive proteases cationic trypsinogen
(PRSS1) and carboxypeptidase A1 (CPA1) are strong, causative risk factors for chronic pancreatitis and
may be associated with autosomal dominant hereditary pancreatitis.

Summary

Properties of misfolding digestive enzyme mutants indicate that endoplasmic reticulum stress is a highly
relevant pathological mechanism and a potential therapeutic target in chronic pancreatitis.
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INTRODUCTION

The genetic basis of chronic pancreatitis has been
extensively characterized since 1996 when the
first cationic trypsinogen mutation associated with
autosomal dominant hereditary pancreatitis was
reported [1]. The preponderance of evidence
obtained from genetic association studies and func-
tional analysis of disease-associated gene variants
led to the formulation of a pathogenic model, which
posits that elevated intrapancreatic trypsin activity
is responsible for disease onset and progression.
Within this ‘trypsin-dependent pathological pathway’
variants in susceptibility genes PRSS1 (encoding
serine protease 1 aka cationic trypsinogen), SPINK1
(encoding serine protease inhibitor Kazal type 1, aka
pancreatic secretory trypsin inhibitor) and CTRC
(encoding chymotrypsin C) increase pancreatitis
risk by promoting harmful trypsinogen activation
and by impairing protective trypsinogen degrada-
tion and/or trypsin inhibition. Details of the tryp-
sin-dependent pathological mechanisms associated
with genetic mutations were recently reviewed [2

&&

].
Since 2009, it has become increasingly clear, how-
ever, that not all risk variants exert their effect in a
trypsin-dependent manner and mutation-induced
misfolding emerged as an alternative pathological
pathway of pancreatitis risk.
THE MISFOLDING-DEPENDENT
PATHOLOGICAL PATHWAY IN CHRONIC
PANCREATITIS

Based on the genetic and functional evidence dis-
cussed below; we proposed that genetic risk in
chronic pancreatitis is mediated not only by trypsin
activity but also by trypsin-independent mecha-
nisms that involve endoplasmic reticulum stress
caused by mutation-induced misfolding of digestive
enzymes. Endoplasmic reticulum stress and the en-
suing unfolded protein response is an extensively
studied signaling pathway aimed at the relief of
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KEY POINTS

� Mutations that cause misfolding of digestive enzymes
increase risk for chronic pancreatitis.

� Misfolding mutants of cationic trypsinogen (PRSS1) and
carboxypeptidase A1 (CPA1) are strong risk factors
and may be associated with dominant hereditary
pancreatitis.

� The misfolding phenotype of digestive enzyme mutants
is characterized by diminished secretion, intracellular
retention and endoplasmic reticulum stress.

� Endoplasmic reticulum stress is a potential therapeutic
target in chronic pancreatitis.
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protein overload exceeding the endoplasmic reticu-
lum folding capacity [3–7]. Endoplasmic reticulum
stress may promote inflammatory signaling and
chronic, unresolved endoplasmic reticulum stress
may lead to apoptosis; these maladaptive responses
potentially explain increased pancreatitis risk asso-
ciated with misfolding mutants. The best character-
ized examples of misfolding digestive enzymes are
variants of PRSS1 and CPA1 (encoding carboxypep-
tidase A1), which strongly increase disease risk and
may cause autosomal dominant hereditary pancre-
atitis.
MISFOLDING PRSS1 VARIANTS IN
CHRONIC PANCREATITIS

We first proposed that chronic pancreatitis may be
caused by mutation-induced misfolding of human
cationic trypsinogen in 2009 [8]. In this study, we
found that secretion of the PRSS1 mutants p.R116C
and p.C139S from transfected HEK 293T cells was
reduced to about 20% of wild type, whereas other
PRSS1 mutants such as p.A16V, p.N29I, p.N29T,
p.E79K, p.R122C and p.R122H were secreted nor-
mally. Both wild-type and mutant trypsinogens
were detectable in cell lysates at comparable levels,
but a large portion of mutant p.R116C was present
in an insoluble form that was readily degraded by
trypsin. Consistent with intracellular retention of
misfolded trypsinogen, the endoplasmic reticulum
stress markers immunoglobulin-binding protein
and the spliced form of the X-box binding pro-
tein-1 were elevated in cells expressing mutant
p.R116C or p.C139S. More recently, we demonstrat-
ed that the PRSS1 mutation p.L104P caused the
same misfolding phenotype and associated endo-
plasmic reticulum stress as previously observed for
p.R116C and p.C139S [9]. Finally, in a comprehen-
sive analysis of 13 rare PRSS1 variants presumed to
cause chronic pancreatitis, we found that mutations
0267-1379 Copyright � 2017 The Author(s). Published by Wolters Kluwe
p.D100H and p.C139F diminished (�20% of wild
type), whereas mutations p.K92N, p.S124F and
p.G208A moderately reduced (�40–50% of wild
type) trypsinogen secretion from transfected cells
[10]. Although these mutants have not been char-
acterized with respect to intracellular retention or
endoplasmic reticulum stress, their secretion defect
suggests they might exert their pathogenic effect
through misfolding.

The association of the p.R116C mutation with
chronic pancreatitis was described in a dozen pub-
lications to date, in a total of 25 affected carriers
and four unaffected family members [8,11–21].
The reports indicate that the mutation appears
to associate with both hereditary and sporadic
cases. Mutation p.C139S was identified in 12 cases
so far, all sporadic with no family history [16,21–
23]. The p.C139F mutation, which affects the same
position, was detected in five cases and in one
unaffected family member [13,19,21,24]. Mutation
p.L104P was first described in three heterozygous
carriers of a German family with a history of
abdominal pain and diabetes but without clinical-
ly proven chronic pancreatitis [13]. The same vari-
ant was later found in two patients of Chinese and
Italian origin, respectively, with idiopathic chron-
ic pancreatitis [16,24]. More recently, p.L104P was
reported in a hereditary pancreatitis family of
Hungarian origin in which three affected adults
and four unaffected children carried the mutation
[25

&

]. Mutations p.K92N [10,21,26], p.D100H
[11,27] and p.S124F [20] were each found in one
or two sporadic chronic pancreatitis cases. Inter-
estingly, mutation p.D100H was also detected in
three unaffected members of a French family car-
rying a complex deletion in the CTRC gene, which
was coinherited with p.D100H in one unaffected
family member only [28]. Finally, mutation
p.G208A is a relatively common variant in Japa-
nese (�4% carrier frequency) and Korean (�8%
carrier frequency) cohorts, in which association
with idiopathic and alcoholic pancreatitis has
been demonstrated [22,29–33]. The mutation
was also reported in a Slovakian patient with idio-
pathic chronic pancreatitis [34].

Taken together, the genetic data suggest that
misfolding PRSS1 variants are clinically rare (�5%
of all pathogenic missense variants) and tend to
associate primarily with sporadic idiopathic disease
but may be found in hereditary pancreatitis families
in which penetrance is incomplete. Thus, their
pathogenic strength is high yet seems slightly lower
than that of the clinically more frequent p.R122H
mutation and similar mutations that act through
the trypsin-dependent pathological pathway. Asso-
ciation of the p.G208A variant with alcoholic
r Health, Inc. www.co-gastroenterology.com 391
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chronic pancreatitis suggests that this variant
imparts weaker risk, which seems consistent with
its more modest cellular effect.
THE MISFOLDING PHENOTYPE OF
DIGESTIVE ENZYME MUTANTS

The article by Kereszturi et al. [8] also defined
the ‘misfolding phenotype’ of digestive enzyme
mutants. Thus, these mutants were secreted poorly
from transfected cells yet they were detectable in cell
lysates in which they may be present in an insoluble
and protease-sensitive form. The intracellular levels
of the misfolded protein should depend on how
efficiently the cell disposes of these and may vary
among different mutants. Similarly, the propensity
to precipitate and/or become easily degraded by
proteases may be mutation dependent. Importantly,
the misfolding phenotype is always associated with
elevated endoplasmic reticulum stress markers. A
special case of misfolding is observed with rapidly
autoactivating mutants of cationic trypsinogen.
These mutants, such as the activation peptide
mutants p.D22G, p.K23R and p.K23_I24insIDK, all
exhibit reduced secretion because trypsinogen
becomes intracellularly autoactivated and degraded
[35–37]. It appears likely that inside the endoplas-
mic reticulum active trypsin is sensed as a misfolded
state of trypsinogen, which prompts degradation.
This unique form of misfolding is associated with
increased CHOP levels and apoptotic cell death,
although other endoplasmic reticulum stress
markers do not seem to be elevated [35].
MISFOLDING CPA1 VARIANTS IN
CHRONIC PANCREATITIS

Compelling evidence that misfolding digestive
enzymes contribute to the pathogenesis of chronic
pancreatitis came from the 2013 study that identi-
fied the association of loss-of-function variants of
CPA1 with early-onset chronic pancreatitis [38]. The
CPA1 gene was screened for pancreatitis-associated
mutations as part of a candidate gene approach
targeting genes coding for digestive proteases and
proteins abundantly expressed by the pancreas.
CPA1 satisfied both criteria. In the German discov-
ery cohort of 944 nonalcoholic chronic pancreatitis
patients and 3938 controls, we identified 34 variants
that affected exonic or splice-site sequences. The
large majority of variants were rare or private; and
only three variants were significantly enriched in
the patient cohort; the missense variants p.N256K
and p.R382W and the splice-site variant c.1073-
2A>G, which were found in 7, 5 and 3 cases, respec-
tively, but not in controls. We performed functional
392 www.co-gastroenterology.com
analysis by assessing the secretion levels of proCPA1
from transfected HEK 293T cells by SDS–PAGE and
Coomassie Blue staining and by measuring CPA1
activity from the conditioned medium after activa-
tion with trypsin and chymotrypsin C. This CPA1
activity we termed ‘apparent activity’ as this was
dependent not only on the catalytic activity of the
mutant enzyme but also on the amount secreted
and the efficiency of the activation. Therefore, loss
of ‘apparent CPA1 activity’ could be due to impaired
catalysis, reduced secretion or degradation by the
activating proteases. Strikingly, 17 of 34 variants
exhibited markedly (by more than 80%) reduced
apparent activity and these variants were enriched
among cases (3.1%) versus controls (0.1%); yielding
a respectable odds ratio (OR) of 24.9. When the
distribution of CPA1 variants among different age
groups was examined, functionally defective var-
iants were strongly enriched in early onset (<10
years of age) cases. Interestingly, the majority of
the loss of function variants (13 of 17) exhibited
the ‘misfolding phenotype’ observed previously
with the misfolding PRSS1 variants, that is dimin-
ished secretion with intracellular retention. As proof
of principle, variant p.N256K was also shown to
induce endoplasmic reticulum stress in AR42J cells
transfected with recombinant adenovirus. Although
the rest of the CPA1 variants have not been system-
atically characterized for endoplasmic reticulum
stress, if we consider a more than 80% reduction
in secretion as a surrogate marker for misfolding-
induced endoplasmic reticulum stress, the enrich-
ment of such variants in cases (2.4%) versus controls
(0.05%) yields a higher OR of 49.1. In this case, the
only loss-of-secretion variant observed among con-
trols is the nonsense variant p.R27X, which we can
exclude as its mRNA likely undergoes nonsense-
mediated decay, and its translation would generate
only a short peptide that is unlikely to cause endo-
plasmic reticulum stress. After elimination of
p.R27X, CPA1 variants with a secretion defect are
found in 2.4% of cases but not among controls,
suggesting that misfolding CPA1 variants are strong,
causative risk factors for chronic pancreatitis.

The association of loss-of-function CPA1 var-
iants with chronic pancreatitis was also replicated
in relatively small Indian (230 cases, 264 controls)
and Japanese (247 cases, 341 controls) cohorts, in
which functionally impaired variants were found in
2.2 and 2% of patients, respectively, but not in
controls. If we consider variants with diminished
secretion only, the frequency remains 2.2% in the
Indian cohort but drops to 1.2% in the Japanese
cohort. As no defective variants were found in con-
trols, these data are consistent with the notion that
CPA1 variants are disease-causing risk factors.
Volume 33 � Number 5 � September 2017
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Curiously, however, the frequency of function-
ally impaired CPA1 variants in a combined Europe-
an (French, Czech and Polish) replication cohort
was only 1.3% in cases (n¼600) and 0.4% in con-
trols (n¼2432), resulting in a more modest OR of
3.6. If we filter this dataset for variants with a
marked secretion defect and exclude p.R27X, the
frequency of defective variants becomes 0.83% in
cases and 0.16% in controls; yielding an OR of 5.1;
which is still far smaller than the impressive effect
size observed in the German discovery cohort.
Although an explanation for this discrepancy is
not readily apparent, the lower frequency of CPA1
variants in this cohort, likely due to regional varia-
tions, may confound the analysis. Larger replication
data combined with more detailed functional anal-
ysis assessing endoplasmic reticulum stress for each
variant should be able to address this problem.

The low frequency of functionally defective
CPA1 variants may also explain the negative find-
ings in a more recent replication study in which
1112 cases with idiopathic chronic pancreatitis and
1580 controls of Han Chinese descent were analyzed
[39]. The authors found three cases (0.27%) and two
controls (0.13%) with CPA1 variants that exhibited
less than 20% apparent activity. Inclusion of the
borderline defective variants (with 20–21% appar-
ent activity) increased the number of cases to six
(0.54%). However, only two cases (0.18%) carried
CPA1 variants with a secretion defect, which was
similar in controls (0.13%).

Our original Nature Genetics publication (2013)
analyzed unrelated patients only and did not inves-
tigate whether CPA1 variants would cause familial
or hereditary disease [38]. This is an important
question, as association with family history of
chronic pancreatitis could establish that CPA1 var-
iants are strongly pathogenic, causative genetic risk
factors. Indeed, a recent study (2017) demonstrated
that the novel CPA1 variant p.S282P segregated with
the disease phenotype in two families with auto-
somal dominant hereditary pancreatitis [40

&

]. Func-
tional analysis confirmed that variant p.S282P
exhibited the misfolding phenotype and induced
endoplasmic reticulum stress to the same extent as
the previously characterized p.N256K variant.
MISFOLDING CTRC VARIANTS IN
CHRONIC PANCREATITIS

Loss-of-function mutations in CTRC increase the
risk for chronic pancreatitis by compromising
protective trypsinogen degradation [2

&&

,41]. The
mechanism of functional impairment may include
catalytic defect, reduced secretion, resistance to
activation by trypsin or degradation by trypsin
0267-1379 Copyright � 2017 The Author(s). Published by Wolters Kluwe
[42]. A handful of CTRC variants (p.Q48R, p.G61R,
p.A73T, p.C155Y, p.G217R, p.L220R) causes reduced
secretion and detailed studies using AR42J cells trans-
duced with recombinant adenovirus demonstrated
that variants p.Q48R, p.G61R and p.A73T elicited
endoplasmic reticulum stress, which was proportion-
al to the secretion defect of the variant [42,43].
Despite the convincing in-vitro experiments, it is
unlikely that endoplasmic reticulum stress contri-
butes to pancreatitis risk associated with CTRC
variants. On the one hand, disease risk is satisfacto-
rily explained by the loss of CTRC activity due to
reduced secretion without invoking additional
cellular mechanisms. On the other hand, CTRC is
expressed at significantly lower levels when com-
pared with PRSS1 or CPA1, which are the two most
abundantly secreted proteins in the pancreatic juice
[44]. As the detrimental effect of misfolding also
depends on the expression levels of the misfolded
proteins, CTRC variants are expected to elicit a
much smaller proteotoxic effect than misfolding
PRSS1 and CPA1 variants.
MISFOLDING SPINK1 VARIANTS IN
CHRONIC PANCREATITIS

Mutations in SPINK1 increase risk for chronic pan-
creatitis through reduced expression of the protec-
tive trypsin inhibitor, which may be due to various
mechanisms affecting mRNA or protein expression
[2

&&

,45]. A number of rare or private SPINK1 variants
cause diminished secretion indicative of misfolding
[46–48]. Although intracellular retention has been
demonstrated for some variants [46], their effect
on endoplasmic reticulum stress has never been
studied. However, for the same reasons discussed
above for misfolding CTRC variants, endoplasmic
reticulum stress is unlikely to play any role in
pancreatitis risk associated with misfolding SPINK1
variants.
MISFOLDING CEL VARIANTS IN CHRONIC
PANCREATITIS

Single-nucleotide deletions c.1686delT and c.1785delC
in exon-11 of the CEL gene encoding carboxyl ester
lipase cause an autosomal dominant genetic disorder
characterized by early onset exocrine pancreatic
insufficiency and MODY8, a form of maturity-onset
diabetes of the young [49]. Exon-11 codes for a
variable number tandem repeat sequence and the
nucleotide deletions alter the reading frame
(p.C563fsX673 and p.C596fsX695, respectively)
resulting in aggregation-prone CEL lipases carrying
‘junk’ extensions at their C termini [50]. The exocrine
dysfunction is due to acinar cell loss, in all likelihood
r Health, Inc. www.co-gastroenterology.com 393
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caused by misfolding-induced endoplasmic reticu-
lum stress and apoptosis [51

&

]. More recently, a
hybrid allele formed by nonallelic homologous re-
combination between CEL and its adjacent pseudo-
gene CELP was identified with a population carrier
frequency of 0.5–1% [52]. The CEL–HYB1 allele was
enriched in patients with idiopathic chronic pancre-
atitis approximately five-fold. The mechanism of
disease risk remains unclear but may be related to
misfolding as the hybrid protein was secreted poorly
due to intracellular retention. Interestingly, a similar
but not identical hybrid allele (CEL–HYB2) present in
Asian populations is not associated with chronic
pancreatitis [53].
MISFOLDING PNLIP AND PNLIPRP2
VARIANTS

Two brothers from a consanguineous marriage
were reported to have clinical pancreatic lipase
(PNLIP) deficiency with steatorrhea and carry the
p.T221M homozygous missense mutation in the
PNLIP gene [54]. The heterozygous carrier parents
were clinically unaffected. The p.T221M mutation
was shown to cause intracellular retention and di-
minished secretion of PNLIP with associated endo-
plasmic reticulum stress [55]. The brothers also had
abnormal pancreatic function test results raising the
possibility of underlying chronic pancreatitis possi-
bly due to the misfolding PNLIP variant. Finally, a
common nonsense variant in pancreatic lipase re-
lated protein 2 (PNLIPRP2) (p.W358X, also reported
as W357X [56] and W340X [57]) was shown to cause
misfolding and induce endoplasmic reticulum
stress; however, the significance of this variant in
chronic pancreatitis has not been investigated [57].
CONCLUSION

Genetic risk in chronic pancreatitis may be caused
by mutations in digestive enzymes that induce mis-
folding and endoplasmic reticulum stress. Muta-
tions in PRSS1 and CPA1 are the best studied
examples; these strong risk factors are occasionally
associated with hereditary pancreatitis. Endoplas-
mic reticulum stress is a highly relevant pathological
mechanism and a potential therapeutic target in
chronic pancreatitis.
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