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Summary

The recent genetic discoveries in CP support
the hypothesis that inappropriate intrapancreatic
activation of zymogens by trypsin results in au-
todigestion and pancreatitis. Two different pro-
tective mechanisms prevent activation of the pan-
creatic digestive enzyme cascade. First, SPINKI1
inhibits up to 20% of potential trypsin activity
and, second, trypsin itself activates trypsin-like
enzymes readily degrading trypsinogen and other
zymogens. Pancreatitis may therefore be the re-
sult of an imbalance between proteases and their
inhibitors within the pancreatic parenchyma. The
discovery of PRSS1 mutations in families with CP
was the first breakthrough in the understanding of
the underlying genetic mechanisms. Enhanced
trypsinogen activation may be the common initi-
ating step in pancreatitis caused by these muta-
tions. The discovery of SPINK1 mutations un-
derlines the importance of the protease inhibitor
system in the pathogenesis of CP. Thus, gain-of-
function in the cationic trypsinogen resulting in
an enhanced autoactivation, or loss-of-function
mutations in SPINKI leading to decreased in-
hibitory capacity, may similarly disturb the deli-
cate intrapancreatic balance of proteases and their
inhibitors.

The recent findings of SPINK1, CFTR, and
PRSS1 mutations in CP patients without a family
history have challenged the concept of idiopathic
CP as a non-genetic disorder and the differentia-
tion between HP and ICP. There is a clear mode
of autosomal dominant inheritance for some mu-
tations (R122H, N29I, possibly M1T), whereas
the inheritance pattern (autosomal recessive, com-
plex, or modifying) of other mutations (A16V,
N34S) is controverted or unknown. The lack of
mutations in the above-mentioned genes in many
patients suggests that CP may also be caused by ge-
netic alterations in yet unidentified genes. Evalu-
ation of CP patients without an obvious predis-
posing factor, e.g. alcohol abuse, should include
genetic testing even in the absence of a family his-
tory of pancreatitis.

Finally, identification of further disease-caus-
ing genes will create a better understanding of
pathogenesis and may help to develop specific pre-
ventive and therapeutic strategies.
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Introduction

Chronic pancreatitis (CP) is an inflammatory
disease causing structural and functional damage
resulting in exocrine and endocrine deficits. The
most common aetiological factor in industrialised
countries is long-term alcohol abuse, but in
10-30% of cases the cause remains unknown. An
aetiologically based classification of CP is impor-
tant, since the aetiology has a major impact on the

course and outcome of the disease. The patho-
genetic mechanisms of CP are poorly understood
and it is not known whether a common factor ex-
ists for different types of CP. Recent genetic dis-
coveries have added much to our understanding of
CP. This report will focus on the genes involved,
the proposed pathophysiology, and future per-
spectives.
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Chronic pancreatitis

Chronic pancreatitis (CP) covers a broad spec-
trum of clinical and morphological features. Pain
of varying severity and duration is a leading clini-
cal symptom in up to 90% of patients [1]. Chrono-
logically, CP is usually manifested in the early stage
by recurrent episodes of acute pancreatitis (AP)
and eventually evolves over years into a late pain-
less stage dominated by progressive pancreatic
dysfunction and/or pancreatic calcification [1].
However, there is also a subgroup of primarily
painless CP with initial clinical manifestations typ-
ical of end-stage CP [1]. Morphologically, pro-
minent features of early-stage CP are necrosis,
distinct interlobular fibrosis and pseudocysts,
whereas in late-stage CP acinar destruction, severe
widespread (intralobular) fibrosis, variable pancre-
atic duct lesions and ductal stones are characteris-
tic findings [2].

The reported incidence of CP in industrialised
countries has been estimated at 3.5-10 per 100’000
inhabitants [3]. Therapy, which is not further dis-
cussed here, usually consists of pain management,
enzyme replacement, and management of diabetes
mellitus and obstructive complications. Alcoholic
CP is associated with a mortality rate approaching
50% within 20-25 years due to malnutrition,
severe infections, diabetes, other CP-associated
complications, and alcohol- and nicotine-related
diseases [4].

The diagnostic gold standard for early-stage
CP is adequate (surgical) biopsy, which is rarely
available. Since the primary lesions of early-stage
CP are usually focal, fine-needle biopsies tend to
yield false-negative results. Furthermore, the
overlap of clinical and morphological features be-
tween acute and chronic pancreatitis renders early
diagnosis of CP difficult. The diagnostic accuracy
of modern imaging techniques in early-stage CP,
ie ERCP, ultrasound, endoscopic ultrasound, CT
or MRI has not yet been validated against
histopathology as the gold standard [3]. In clinical
practice, therefore, definite diagnosis of CP should
be deferred until the disease has reached an ad-
vanced stage in which diagnosis is possible with
high accuracy based on the presence of the typical
markers of CP, including pancreatic calcifications
and/or persistent pancreatic dysfunction [5]. This
“wait-and-watch” approach is not generally ac-
cepted but reflects the present imperfect state of
the art due to the lack of appropriate and generally
accepted criteria of “early” or “mild” CP.

Aetiology

Important for the initial classification of re-
current AP is proper assessment of the aetiology.
In up to 80% of cases AP is caused by gallstones or
alcohol abuse [6]. The impact of aetiology on dis-
ease course in recurrent AP is evident, since pan-
creatitis caused by gallstones, unlike alcoholic pan-
creatitis, virtually never progresses to CP. The in-

terval between the onset of alcoholic AP and defi-
nite alcoholic CP is 4.8-5.5 years [5]. Thus, it is
likely that a large percentage of alcoholic AP
evolves into alcoholic CP with prolonged follow-
up.

A large amount of data on the various putative
predisposing (aetiological) factors and on the im-
pact of aetiology on the natural course of CP has
accumulated up to the present. Major predispos-
ing (actiological) risk factors for the development
of CP may be categorised according to the
“TIGAR-O” system, namely (1) toxic-metabolic;
(2) idiopathic; (3) genetic; (4) “autoimmune”; (5)
recurrent and severe AP; and (6) obstructive [3]. In
industrialised countries the most common aetio-
logical factor in CP is long-term alcohol abuse,
whereas in 10-30% of cases there is no apparent
underlying cause and these cases are classified as
idiopathic CP (ICP) [7]. In our own series, CP was
caused by alcohol abuse in 70%, was idiopathic in
24%, and had rare causes in 6% [8].

Pathogenesis

The absence of effective preventive and ther-
apeutic strategies in CP reflects the lack of under-
standing of the pathogenetic mechanisms. It is un-
known whether common factors exist in different
types of CP [9]. One difficulty is the lack of animal
models which mimic the human form of the dis-
ease. Numerous animal models, ie pancreatic duct
obstruction, secretagogue hyperstimulation, diet-
induced models etc, have been developed to define
the pathogenetic mechanisms in various forms of
AP and CP [10]. However, when successful thera-
peutic agents observed in animal models were ad-
ministered to humans, treatment failure usually
occurred. Steinberg et al. reported an 81% im-
provement in survival in 25 animal studies of AP,
whereas in 13 human studies using the same ther-
apeutic agents only 7.7 % of patients showed a pos-
itive outcome as to survival [11]. It is believed that
the experimental methods used to induce AP in an-
imal models do not mimic the pathogenetic mech-
anisms of human disease. The recent discovery of
genes involved in CP provides new insights and
working models for CP.

Several pathogenetic concepts have been pro-
posed with regard to the primary site of dysfunc-
tion leading to CP, ie, duct cells and acinar cells.
According to the “protein-plug hypothesis” intro-
duced by Sarles in 1963, it has been suggested that
the primary step is a ductal lesion [12, 13]. Plugs
formed by precipitation of protein within intra-
pancreatic ducts, which may later calcify, perpetu-
ate inflammation and cause upstream acinar
atrophy and fibrosis. An alternative hypothesis,
originally proposed by Comfort et al. in alcoholic
CP and now referred to as the “necrosis fibrosis
concept”, suggests that repeated attacks of pan-
creatitis lead to CP [2, 14]. Data supporting this
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hypothesis derive primarily from pathological
studies and from a recent long-term prospective
clinicomorphological study by Ammann et. al.
[15]. Additional pathogenetic concepts have been
debated, such as sphincter of Oddi dysfunction, di-
rect injury from ethanol or one of its metabolites
(“toxic-metabolic hypothesis”), the influence of
ischaemia, and the potential role of antioxidants
16, 17].

The relationship between AP and CP is con-
troverted. Under the Marseilles definition it is as-
sumed that AP and CP are two distinct entities and
that AP virtually never progresses to CP [13]. Ac-
cording to this concept, AP in alcoholics is re-
garded as a flare-up on the basis of pre-existent
subclinical CP. However, there is evidence that pa-
tients with frequent and severe attacks of alcoholic
AP show more rapid progression to alcoholic CP
and alcohol cessation has been reported to slow
down disease progression [18, 19]. Taken together,
these observations suggest that in at least a subset
of patients progression from AP to CP occurs [5].
The relationship between AP and CP is of great
importance since it has a major impact on patho-
genetic and therapeutic strategies.

The hypothesis that pancreatitis results from
pancreatic autodigestion was first reported more
than 100 years ago [20]. Inappropriate activation
of pancreatic proenzymes and especially trypsino-
gen has been thought to play a key role in this
process [21]. There is experimental evidence that
trace amounts of trypsin, the most abundant pro-
tease synthesised by the pancreas, may become

Figure 1

Model of chronic pancreatitis.

a. Condition in the normal pancreas:
trypsin resulting from autoactivation

of trypsinogen within the pancreatic
parenchyma is inhibited by SPINK1

and in the second line by mesotrypsin
or trypsin. This defence mechanism pre-
vents activation of the pancreatic enzyme
cascade within the pancreas and auto-
digestion.

b. Condition in chronic pancreatitis:
mutations in PRSS1 or in SPINK1 lead
to an imbalance of proteases and their
inhibitors within the pancreatic
parenchyma, resulting in an inapprop-
riate and premature conversion of pan-
creatic zymogens to active enzymes with
autodigestion and inflammation. Muta-
tions in CFTR may disturb this balance
by intrapancreatic acidification or by
defective apical trafficking of zymogen
granules, and thus facilitate intrapan-
creatic activation of digestive enzymes.
Dark boxes represent products of mu-
tated genes. Modified from references
39 and 65. AP, activation peptide.
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physiologically activated within the pancreatic
parenchyma. Obviously, the activation of digestive
enzymes within the pancreatic parenchyma would
be deleterious and lead to autodigestion and AP.
Today multiple mechanisms are known to prevent
premature uncontrolled activation of the digestive
enzyme cascade within the pancreas and to protect
the organ from self-destruction [22, 23]. These in-
clude (i) synthesis of digestive enzymes as inactive
proenzymes (zymogens); (ii) compartmentalisa-
tion of proenzymes from other subcellular com-
ponents within distinct membrane-bound com-
partments (zymogen granules) to prevent their
contact with vital cytosolic structures; (iii) activa-
tion of the proenzymes occurring outside the pan-
creas by the intestinal brush-border enteropepti-
dase (this initial activating enzyme hydrolyses
trypsinogen to form active trypsin, which subse-
quently catalyses the conversion of all other proen-
zymes to their active form); and (iv) synthesis of
pancreatic trypsin inhibitors such as serine pro-
tease inhibitor, Kazal type 1 (SPINK1). SPINKI1,
also known as pancreatic secretory trypsin in-
hibitor (PSTT), reversibly inhibits up to 20% of po-
tentially available intrapancreatic trypsin activity
by forming a covalent bond between the catalytic
serine residue of the enzyme and the reactive site
of SPINKI1 (figure 1a). If trypsin activity exceeds
the PSTT inhibitory potential, a second line of de-
fense is presumed by the ability of trypsin and
trypsin-like enzymes such as mesotrypsin to hy-
drolyse trypsin and other proteases, resulting in a
loss of structural integrity and inactivation [23]
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(figure 1a). The multitude of defence mechanisms
known so far must be considered in order to un-
derstand the relatively rare occurrence of pancre-
atitis in humans. It appears possible that additional
protective mechanisms will be detected. For ex-
ample, two pancreatic (non-enzymatic) soluble
secretory proteins (PAP, pancreatitis-associated
protein; PSP, pancreatic stone protein) present in
the ductular system precipitate into insoluble fib-
rils upon trypsin activation [24]. Protection against
the potentially damaging activity of trypsin in the
duct system is assumed and needs further investi-
gation. This background is essential in discussing
the potential mechanisms whereby the recently
discovered mutations of the cationic trypsinogen
(PRSS1) gene or SPINKI1 gene may cause AP and
CP.

Hereditary pancreatitis

Hereditary pancreatitis (HP), first described
by Comfort and Steinberg in 1952, is a rare form
of CP involving at least two or more members of
a family [25, 26]. The clinical, laboratory and
pathological features are indistinguishable from
other forms of pancreatitis. In the literature, HP is
referred to as an autosomal dominant disorder
with 80% penetrance and variable expressivity
[27]. Attacks of pancreatitis usually begin in early
childhood but may occur in the second decade or
start as late as the sixth decade of life in some cases
[27]. Recurrent acute attacks vary from mild ab-
dominal discomfort to severe life-threatening

episodes. Progression to late-stage CP with all its
complications is observed in many cases [28]. Al-
though the increased risk of pancreatic cancer in
patients with alcoholic CP is controverted, strong
evidence for this association has been noted in HP.
In a study comprising 246 patients with HP, the es-
timated cumulative risk of pancreatic cancer to age
70 was 40%, but was approximately 70% in pa-
tients with a paternal pattern of inheritance [29].

Idiopathic pancreatitis

"The distinct differences in the natural history
of different types of CP have not always been prop-
erly appreciated. For example, it has been shown
that ICP comprises two subgroups on the basis of
different clinical presentation and natural history
[30-32]. Late-onset ICP is characterised by a pain-
less course in up to 70% of patients and presents
in the sixth to seventh decade with steatorrhoea
and/or diabetes, whereas in early-onset ICP onset
of disease is observed in the first three decades.
Clinically, early-onset ICP closely mimics HP with
recurrent AP in childhood or young adult life [28].
The long-term course of early-onset ICP is, like
HP but in contrast to alcoholic CP, characterised
by a markedly slower progression to advanced CP
[30, 32]. In a clinical comparison of early-onset
ICP and HP, the symptoms were similar in both
groups but HP presented at a younger age (mean
7 vs 12 years) and was accompanied by more fre-
quent complications with the need for surgery [28].

Genetics in chronic pancreatitis

As mentioned above, autosomal dominant in-
heritance was recognised by Comfortetal. in some
families with CP as early as 1952 [25]. Early-onset
ICP closely mimics the clinical pattern of HP, sug-
gesting a genetic basis. A genetic background has
also been postulated for alcoholic CP based on
early reports of familial clustering of the disease
and the fact that only 5-10% of alcoholics develop
alcoholic CP [33, 34]. Recent developments in mo-
lecular genetics have contributed significantly to
our understanding of the cause and mechanisms of

AP and CP.

Cationic trypsinogen gene (PRSS1)

Using microsatellite linkage analysis, the first
HP locus was mapped in 1996 to the long arm
of chromosome 7 (7q35) [35-37]. Coincidentally,
eight trypsinogen genes were identified and se-
quenced within this locus as a result of the human
genome project and served as candidate genes [38].
Mutational screening analyses identified a single G
to A transition in exon 3 of the PRSS1 gene, re-
sulting in a arginine (R) (CGC) to histidine (H)
(CAC) substitution at amino acid residue 122 ac-
cording to the nomenclature system for human

gene mutations [39]. This R122H mutation was
observed in all affected individuals of 5 HP fami-
lies but not in 140 unrelated controls.

A second mutation in the PRSS1 gene was dis-
covered in two families with HP without the R122H
mutation [40, 41]. In these kindreds a single point
mutation in exon 2, an A to T  transversion, was iden-
tified which resulted in an asparagine (N)(AAC)
to isoleucine (I)(AT'C) amino acid substitution at
residue 29. The N29I mutation results in a clinical
syndrome similar to the R122H mutation, although
the average age of disease onsetisslightly delayed and
the disease course less severe. These two mutations
have been found in HP families worldwide with the
R122H mutation being the most frequent [41-45].

In a study of 44 paediatric patients with CP, a
Cto T transition in exon 2, leading to an exchange
of alanine by valine at codon 16 (A16V), was de-
tected in 4 unrelated patients [46] (figure 2).
Three of these patients had no family history of CP
although the mutation was inherited in all cases by
one parent. Only one of seven first-degree relatives
with the AI6V mutation was affected, indicating
low penetrance of this mutation in contrast to the
above-mentioned R122H and N29I mutations.
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Figure 2

Different techniques for analysis of PRSS1

mutations, ie A16V.

In the ensuing years, several other PRSS1 mu-
tations (D22G, K23R, -28delTCC) of uncertain
significance were detected in single small kindreds
(47, 48]. However, a consistent finding in all pub-
lished series is that several HP patients did not have
any PRSS1 gene mutation, suggesting genetic het-
erogeneity in HP [49]. In a group of Swiss CP pa-
tients, 3 clinically HP families were investigated
for the R122H, N291, and A16V mutation. R122H
was identified in all affected individuals from 2 HP
families but no PRSS1 mutation was detected in
two brothers of a third family [45]. No mutations
have been identified in other pancreatic digestive
enzyme genes, including anionic trypsinogen and
mesotrypsinogen, and in the pancreatitis-associ-
ated protein in HP families without PRSS1 muta-
tions [50, 51]. Recently a preliminary report sug-
gested a new HP gene on chromosome 12, but this
observation needs further confirmation [52].

A still unanswered question is the incomplete
disease penetrance of approximately 80% in clas-
sical HP [27]. This issue is of great importance
since the answer to this problem may provide
strategies for rendering PRSS1 mutations harm-
less. Based on the recently described association of
mutations of the cystic fibrosis transmembrane
conductance regulator gene (CFTR) with CP (see
below), we tested HP patients of our series for
CFTR mutations [45]. Analysis of the 31 most
common CFTR gene mutations, however, did not
reveal any mutation in these patients. The results
of a recent study comparing the penetrance and
age of onset between monozygotic twins with HP,
affected siblings with HP and a comparison group
matched for PRSS1-mutation, sex, and age con-
firmed the 80% penetrance of the pancreatitis phe-
notype in HP [53]. However, the observation of
discordant phenotypic expression between twin
pairs suggests that inherited modifier genes or
shared environmental factors cannot be the only
determinants of penetrance.

"The involvement of PRSS1 gene mutations in
ICP has been analysed in only a few studies. In our
series of Swiss CP patients, 2 out of 16 initially
classified clinically as early-onset ICP were shown

a. Direct DNA fluorescence sequencing
(left, heterozygote; right, wild-type).

TGacccec

to have a PRSS1 gene mutation (R122H, A16V)
while the remainder tested negative [45]. In an-
other study, no PRSS1 mutations were detected in
20 ICP patients [54]. Witt et al. described the
A16V mutation in 3 out of 30 paediatric patients
without a family history of pancreatitis [46]. In a
very recent mutational screening study of the
PRSS1 gene comprising 221 patients with ICP,
additional missense mutations were identified in
several individual patients [55]. Thus, currently
available data suggest that the two most common
PRSS1 gene mutations in HP (R122H, N291) are
rarely found in ICP and other mutations of this
gene only in a subset of this type of CP. The two
subgroups of ICP have not been analysed sepa-
rately except in our study.

As noted, probably a large percentage of alco-
holic AP will progress to alcoholic CP if the fol-
low-up period is long enough [5]. However, there
is wide variation in individual susceptibility to al-
cohol, since only 5-10% of alcoholics develop pan-
creatitis [33]. At present, predisposing factors are
unknown and the impact of genetic factors is un-
clear. The PRSS1 gene has been analysed in sev-
eral studies comprising patients with alcoholic CP
and no mutations were identified in this type of CP
[43,45, 56]. Nevertheless, some familial clustering
of alcoholic CP has been noted previously [34]. In
our series we have observed 3 families in which 2
brothers had alcoholic CP but none of them had a
PRSS1 gene mutation (R122H, N291, A16V) [45].

The involvement of PRSS1 gene mutations
(R122H) in tropical pancreatitis has been excluded
in one study [57]. In addition, no PRSS1 mutations
were found in patients with CP due to rare causes
including radiation, hyperlipidaemia, hyperparathy-
roidism, inflammatory bowel disease or haemolytic
uraemic syndrome [45] (unpublished data).

Mechanisms of disease with PRSS1 mutations

A mechanistic hypothesis was proposed for the
R122H mutation after considering the location of
this mutation within the trypsin molecule by x-ray
crystallography [39]. Because the R122H muta-
tion, located on the side chain connecting the two
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globular domains of cationic trypsinogen, is away
from both the substrate binding site, the catalytic
site, the SPINK1 binding site, and the trypsinogen
activation peptide (TAP) cleavage site, itis unlikely
that this mutation would affect trypsin function,
SPINKI inhibition, or trypsinogen activation.

The primary hydrolytic site of trypsin by
trypsin itself or other trypsin-like proteases is
known to be arginine at position R122 [58-60].
Thus, the R122H mutation would eliminate the
primary autolysis site, thereby rendering the mu-
tant trypsin resistant to autolysis and permanent in-
activation (Figure 1b). In factithas been shown that
substitution of residue 122 with other amino acids,
especially histidine in rat trypsinogen, displays in-
creased enzyme stability [61, 62]. Furthermore,
protection of this site by a monoclonal antibody
against human cationic trypsinogen resulted in in-
creased enzyme activity [63]. However, a recent
study has indicated that increased autoactivation,
resulting in a pathological accumulation of trypsin
within the pancreatic parenchyma, is presumably
the common initiating pathogenetic step [64]. Site-
directed mutagenesis of recombinant human cati-
onic trypsinogen revealed that both of the two stud-
ied mutations (R122H, N29I) significantly en-
hanced autoactivation in vitro. In addition, R122H
but not N29Iinhibited autolysis of the enzyme [64].

No experimental data exist on the functional
consequences of A16V. This mutation results in an
amino acid substitution that renders cationic tryp-
sinogen identical to functional premesotrypsino-
gen at this location. Since A16 is the signal peptide
cleavage site, it has been hypothesised that the
A16V mutation may disrupt intracellular transport
of pretrypsinogen (Figure 1b) [46]. On the other
hand, as residue A16 is the first amino acid of the
activation peptide, it may be speculated that, due
to a conformational change of the activation pep-
tide, enhanced autoactivation of trypsinogen re-
sults in facilitated cleavage.

"Iwo other mutations in the small 8-amino acid
activation peptide, D22G and K23R, have been
described for which functional studies were done
[47, 48]. Since tryptic digestion of synthetic dode-
capeptides of the N-terminal part of PRSS1 cor-
responds to the wild-type, the D22G and the
K23R mutation showed an increased hydrolysis
rate of the two mutated peptides, indicating that
these mutations facilitate cleavage of the activation
peptide and thus trypsinogen autoactivation [48].

"Taken together, the pathogenetic events fol-
lowing PRSS1 mutations, especially for the non-
R122H mutations, remain largely speculative with
but little functional data so far available to support
the proposed underlying mechanisms. Neverthe-
less, clinical studies and the identification of PRSS1
gene mutations provide important insights into the
pathogenesis of CP. First, the prominent role of
trypsin-induced autodigestive necrosis in AP is em-
phasised. Second, the progression of AP to CP in
HP strongly supports the “necrosis-fibrosis hy-
pothesis” originally reported for alcoholic CP. Def-

inite conclusions have to rely on functional analy-
ses and recombinant human cationic trypsinogen
systems will be particularly helpful. In addition,
studies are needed to prove whether the observa-
tions in HP are also correct in other types of CP.

Serine protease inhibitor, Kazal type 1 gene
(SPINK1)

Increased trypsin activity is believed to play an
early and important role in the development of
pancreatitis [21]. Pancreatitis may therefore be the
result of an imbalance of proteases and their in-
hibitors (Figure 1b). The involvement of altered
defence mechanisms may have therapeutic impli-
cations for the development of strategies to pre-
vent or control pancreatitis.

Recently, an association of mutations in the
SPINKI1 gene in CP was demonstrated [65]. A
SPINKI1 mutation was detected in 22 out of 96 pae-
diatric patients with CP. In 18 patients (19%), an A
to G transition resulting in substitution of asparagine
by serine at codon 34 in exon 3 was found (N34S).
Six patients (6%) were homozygous for this muta-
tion. No phenotypic differences between heterozy-
gous and homozygous N34S patients were observed.
Compound heterozygosity of the N34S patients as
well as gross deletions or insertions were ruled out
by analysing the complete intronic sequences after
long-range PCR. The high frequency of N34S in
CP has been confirmed by others: in 57 ICP patients,
7 homozygotes (12%) and 16 heterozygotes (28%)
were found [66]. In contrast, a French group initially
failed to find an association between SPINKI1 and
CP when investigating 14 HP families and 30 unre-
lated CP patients without a family history [67].
However, after reinvestigation of their patients this
group also described an association [68]. In a study
of Swiss patients with early-onset ICP, the N34S
mutation was identified in 43% compared to 1%
in healthy controls [90].

N34S is chiefly found in patients without a
family history of CP, ie 25-40% of ICP patients
carry N34S in one or both alleles [65-67]. Ap-
proximately 1% of the general population is het-
erozygous for N34S [69]. It is not known why the
vast majority of N34S carriers do not suffer from
CP. It may be speculated that only the combina-
tion of the N34S mutation with other genetic de-
fects or environmental factors results in CP. How-
ever, in two of the above-mentioned studies,
approximately 10% of ICP patients were homo-
zygous for N34S [65, 66]. According to the
N34S carrier frequency of approximately 1%,
the expected frequency of N34S homozygotes is
1:40’000. Assuming an estimated ICP prevalence
of about 1:16000, the disease penetrance in N34S
homozygotes would therefore be atleast 25% [70].

Additional SPINKIlsequence variants have
been described but their relevance remains to be
determined. In one family with multiple affected
members a heterozygous mutation (M1T) dis-
rupting the start codon was detected [65]. This
mutation was found in the index patient, his unaf-
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fected father, and in the affected grandfather.
Moreover, the deceased great-grandfather suf-
tered from CP. The M1T mutation was not found
in the great-grandfather’s wife, a fact which sug-
gests that the great-grandfather carried the muta-
tion — unless his son developed it de novo. This
pedigree thus suggests a dominantinheritance pat-
tern with high penetrance.

Another mutation affecting the T at position
2 of the splice donor site, which is highly con-
served in eukaryotes IVS3+2 T >C), was detected
in several CP patients. This mutation was first de-
scribed in one patient with a family history [65].
Others found this mutation in 3 out of 112 CP pa-
tients but not in healthy controls [66]. Several
other SPINK1 mutations have been described in
a few patients.

The significance and inheritance pattern of
SPINK1 mutations has been differently inter-
preted by different groups. One group concluded
that SPINK1 mutations act as gene modifiers and
are incapable as single factors of initiating pancre-
atitis by either an autosomal dominant or recessive
mechanism [71]. In our opinion CP may be caused
by SPINKI mutations in an autosomal recessive,
a multigenetic, and an autosomal dominant inher-
itance pattern [72]. An autosomal recessive disease
mechanism is supported by the high frequency of
N34S homozygotes with a penetrance of at least
25%, as discussed earlier. Autosomal recessive
disorders with incomplete penetrance are well
known, e.g. alpha l-antitrypsin deficiency [73].
The family described above, in which a start codon
mutation segregates with the disease, illustrates
an autosomal dominant inheritance pattern of
SPINKI1 mutations [65]. The inheritance pattern
in patients with CP may be influenced by the func-
tional consequences of the underlying SPINK1
mutation [72]. For M1T it can be hypothesised
that this mutation destroys the single AT'G initia-
tion codon and suppresses one allele, resulting in
a dominant disease expression. On the other hand,
SPINKI inhibitory capacity may be reduced to a
lesser extent by the N34S mutation, resulting in a
recessive or a more complex trait.

The association of SPINKI mutations and al-
coholic CP has been analysed in only one study
[69]. The N34S mutation was detected in 16 out
of 274 patients (5.8%), a significant increase com-
pared to alcoholics without CP (1/98, 1%) and
healthy controls (4/540, 0.8%). This finding sug-
gests that the SPINK1 N34S mutation is a genetic
risk factor for alcoholic CP.

Mechanisms of disease with SPINKI mutations
Interestingly, N34S is in complete linkage dis-
equilibrium with four other intronic sequence
variants: IVS1-37 T >C, IVS2+268 A >G, IVS3-
604 G >A, and IVS3-66-65insTTTT [65]. This
finding indicates that N34S is an evolutionary an-
cient mutation which arose a long time ago. So far,
no experimental studies have elucidated the func-
tional consequences of N34S. This mutation

located near the reactive lysine-isoleucine site
(K41-142) of SPINK1 may result in decreased in-
hibitory capacity [74]. However, the asparagine at
position 34 is not fully conserved between various
species. Alternatively, N34S may affect protein
processing, resulting in premature degradation of
the inhibitor molecule within the endoplasmatic
reticulum known from other inherited diseases
such as cystic fibrosis (CF) or alpha 1-antitrypsin
deficiency. On the other hand, N34S may only be
an innocent bystander and one of the four accom-
panying intronic variants may represent the patho-
genetic mutation. Functional studies should clar-
ify this issue in the near future.

Cystic fibrosis transmembrane conductance
regulator (CFTR)

CEF, an autosomal recessive inherited disease
with multiorgan involvement, is the most common
inherited disease of the pancreas [75]. CF is caused
by mutations of the CFTR gene which encodes a
cyclic adenosine monophosphate (cAMP)-sensi-
tive chloride channel present in several epithelia
such as in the lung, biliary tract, pancreas, and vas
deferens [75]. Several findings have led to specu-
lation that CFTR may play a role in pancreatic dis-
ease other than CF: pancreatic ductal plugging is
found in CP similar to the plugging observed in
CE and abnormal sweat electrolyte values have
been reported in CP as well as in CF [76, 77].

In 1998, two simultaneous articles reported as-
sociation of CP and CFTR gene mutations [78,
79]. Additional studies subsequently confirmed a
CFTR mutation rate increased approximately
4-6-fold above the expected 5% carrier frequency
observed in Caucasian populations [54, 80, 81]. J.
Cohn et al. found an even stronger (80-fold) asso-
ciation for compound heterozygous genotypes in
ICP patients [79].

About 15% of CF patients have adequate lev-
els of exocrine pancreatic enzymes and are classi-
fied as pancreatic-sufficient (PS) [75]. Clinically
overt acute pancreatitis is found in only 1-2% of
CF patients [82]. A higher percentage of patients
with PS are susceptible to recurrent pancreatitis,
probably because they retain sufficient residual
pancreatic tissue to promote an active inflamma-
tory response [83]. Genotype-phenotype studies
indicate that genotypes causing severe loss of
CFTR function (<2% residual function) were
linked to pancreatic insufficiency (PI), whereas
genotypes causing a milder loss of CF'TR function
(about 5% residual function) were linked to PS
[84]. In further studies it was recognised that geno-
types resulting in an approximately 10% reduction
in CFTR function may cause congenital bilateral
absence of the vas deferens (CBAVD) alone. Thus,
disease manifestation depends on the amount of
preserved CFTR function and there appears to
be a tissue-specific threshold. CBAVD is chiefly
caused by compound heterozygote phenotypes
consisting of one severe and one mild mutation, in-
cluding the 57T allele. As noted, a stronger associ-
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ation was observed for ICP with a compound het-
erozygous state compared to CFTR mutation car-
rier frequency [79]. More than 1000 CFTR gene
mutations are now known [85]. Commercially
available tests, however, chiefly detect severe mu-
tations causing classical CF. It may be speculated
that the combination of two mild or of one mild
and one severe mutation predisposes to CP, and
that many patients tested by standard assays may
carry another less frequent mutation on the second
allele. Hence future studies with comprehensive
CFTR gene testing will need to determine whe-
ther more rare mutations and compound het-
erozygous states will be detected in patients with
ICP. Unfortunately, very limited data are available
to support the functional consequences of this con-
cept. In one study, CFTR function was impaired
in the nasal epithelium of three ICP patients with
two abnormal copies of the CFTR gene [79].

CFTR function may be decreased in pancre-
atic duct cells, at any rate in some ICP patients.
"This implicates defective ductal bicarbonate se-
cretion as an early event in this type of CP. Thus
the pathogenetic mechanisms in ICP associated
with CFTR mutations may differ from other types
of CP, especially HP, in which the acinar cell is
thought to be the primary defective site. Ithas been
suggested that pancreatic dysfunction in CFisare-
sult of a decreased pH in the ductal and acinar
lumen [86]. This lowering of pH may lead to de-
fective solubilisation of proteins, defective apical
trafficking of zymogen granules or enhanced au-
toactivation of trypsinogen (Figure 1b).

Several studies have investigated the associa-
tion of CFTR mutations in patients with alcoholic
CP. Sharer et al. reported a non-significantly in-
creased frequency of 8.5% CFTR mutations in 71
patients [78]. In addition, the incidence was not in-
creased in several other studies on this type of CP
[43, 81, 87]. In contrast, a CFTR gene mutation
was detected in 5 out of 49 patients with alcoholic
CP from the Swiss CP patient series, 2.3 times the
expected frequency (p <0.05) [88].

Genetic testing

Genetic studies of patients with CP lead to dis-
covery of the major mutations associated with
“classical” HP, and there is growing evidence that
ICP, at least in the early-onset form, is a genetic
disorder as well. Availability of genetic testing soon
raises the question of the indications for clinical
testing. Potential benefits (diagnosis of the under-
lying aetiology, early diagnosis to reduce medical
evaluations, information on the risk to relatives,
and prevention by change of lifestyle), risks (ad-
verse psychological and social effects, especially in
presymptomatic carriers) and limitations (lack of a
cure for CP, inconclusive results because not all
genes and mutations have been recognised) must
be discussed by the patients, their families, and
physicians [89]. Because there is wide variation in
disease expression and incomplete penetrance of
genes involved in CP, a positive result in a pre-

symptomatic person is not determinant for future
disease. In addition, the age at onset and the sever-
ity of pancreatitis cannot be reliably predicted.
Unless an autosomal dominant acting mutation
has already been identified in a family, a negative
test result does not eliminate the risk of develop-
ing a genetic form of CP. No specific therapy ex-
ists for the prevention or treatment of CP. Fur-
thermore, no efficient screening test exists at pres-
ent for early diagnosis of pancreatic cancer in high-
risk groups like classical HP. Genetic testing re-
quires an understanding of all these elements and
appropriate counselling.

Little literature is available regarding the in-
dications for genetic testing of genes involved in
CP [3, 89]. In our opinion, clinical genetic testing
of PRSS1 and SPINKI mutations should be
performed in pancreatitis patients with a family
history of CP and in patients without a family
history of CP after carefully ruling out other aeti-
ologies (alcohol abuse, metabolic disorders etc).
Furthermore, genetic analysis must be considered
in patients with CP and a family history of pan-
creatic cancer.

There is considerable ethical debate regarding
presymptomatic testing. Because of the above-
mentioned test limitations and the highly variable
conditions with respect to age and severity,
presymptomatic genetic testing should follow only
after extensive pretest counselling and must thus
be performed on an individual basis. In our view
prenatal diagnosis should be eschewed.

In adult patients with CP, genetic testing for
CFTR gene mutations should be performed only
in a research context. However, children with cys-
tic fibrosis may suffer from recurrent attacks of
pancreatitis without the clinical symptoms of mal-
absorption or significant lung disease. Sweat chlo-
ride measurement should therefore be performed
in children with recurrent pancreatitis, and CFTR
mutations should be tested in all cases with ele-
vated or borderline sweat chloride concentrations.

At present there are only very limited or no
data on the occurrence of PRSS1 or SPINKI1 mu-
tations in patients with alcohol-related or other
forms of CP. Future studies will need to clarify
whether clinical testing is appropriate in these pa-
tients. Since genetic analyses are expensive and
time-consuming, clinical genetic testing should
not be performed in patients with CP caused by
known predisposing factors such as alcohol abuse
or in patients with AP without a family history of
CP.
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