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Abstract

Intermediate filament keratins are cytoskeletal
components in epithelial tissues, including the
exocrine pancreas. Keratin (K) intermediate
filaments are highly conserved proteins that are
expressed from early developmental stages up to
the differentiated epithelial cells in adult
individuals. A multitude of specific cellular
functions have been identified for keratins
expressed in simple epithelia, such as the
pancreas, liver, lung and intestine. These functions
vary, depending on the cell- and tissue type, as
well as the developmental stage and changes in
the cellular environment. Keratins are composed of
dynamic, post-translationally regulated
cytoplasmic filaments built up of obligate
heteropolymers of type | and a type Il keratins. In
simple epithelia, the main keratins are type Il K8
and K7, and type | K18, K19 and K20.

The simple epithelium of the exocrine pancreas is
responsible for the secretion of digestive enzymes
into the duodenum. The exocrine pancreas
comprises more than 85% of the pancreatic mass
and consists of acinar and ductal cells. The acinar
cells express mainly K8 and K18, which assemble
into both cytoplasmic and apicolateral filaments, as
well as minor levels of K19 and K20, which are
confined to the apicolateral regions under basal

conditions. Pancreatic duct cells express mainly
K19 (type I) and K7 (type II).

Pancreatic keratins respond quickly to cell stress
by keratin phosphorylation and filament breakdown
followed by keratin upregulation, de novo filament
formation and remodeling during the recovery
phase in experimental exocrine pancreatic injury
models. However, despite these dynamic stress
responses, mutations or genetic deletion of K8 and
K18 in humans or mouse models, only have
modest effects on exocrine pancreatic health and
stress tolerance. This is different from other simple
epithelial tissues — most notably the liver — where
K8, K18 and K19 mutations or deletions cause
clear pathological outcomes. In contrast,
overexpression of K8/K18 leads to pathological
outcomes in the exocrine pancreas but not in the
liver. These seemingly antagonistic outcomes in
two cell types that have similar keratin expression
patterns, underscores the versatile and tissue-
specific function of keratins. The biological reasons
underlying the different susceptibility of the
exocrine acinar cells to keratin deficiencies,
compared to other simple epithelial cells is not fully
understood, but may, in part, be due to the
increased levels of Regeneration protein-Il
observed in the pancreas in several K8/K18
deficient mouse models.
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l. Introduction — Cytoskeletal
Intermediate filaments

The cytoskeleton is an organized network of
proteins present in all cells. In eukaryotic cells this
network consists of three main filament systems:
microtubules, microfilaments and intermediate
filaments (IFs). Among the main cytoskeletal
filament groups, IFs are, as their name suggests,
intermediate in size, measuring 10-12 nm in
diameter; microfilaments are the smallest (6 nm)
and microtubules the largest (25 nm) (26). IFs
comprise a large and diverse group of proteins that
are ubiquitously expressed. They are divided into
6 different types, where type | and type Il comprise
different keratins, type lll includes the muscle IFs
desmin and vimentin expressed in mesenchymal
cells, type IV neurofilaments, nestin and o-
internexin expressed e.g. in nerve cells, as well as
the muscle cell IF, synemin. Type V comprises the
lamins, which are nuclear IFs found in all nucleated
cells, including all epithelial cells (9). Finally, group
VI comprise the highly specialized IFs phakinin and
filensin, expressed only in the eye lens. The
different types of IFs are typically expressed in a
highly cell and tissue specific and/or in a
developmentally specific manner (18, 27).

Keratins, as well as all other IF proteins, have a
basic structure of a central coil-coil a-helical rod
domain, flanked by an N-terminal head domain and
a C-terminal tail domain of variable length (Figure
1). Two IF molecules dimerize to form tetramers,
which are the building blocks of these mechanically
strong, yet flexible filaments. The IF assembly does
not require ATP and IF filaments are non-polar, in
contrast to microfilaments and microtubules (27,
46, 56). Keratins, as well as other IFs, are
dynamically regulated through various post-
translational modifications (PTM), including
phosphorylation, O-linked glycosylation,
ubiquitination, sumoylation, acetylation, and
transamidation (58).
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Figure 1. Keratin protein structure. All keratins are

composed of a central helical rod domain, flanked by a head
domain at the amino terminal (N-terminal) and a tail domain at
the carboxy-terminal (C-terminal) of the protein. The rod
domain is segmented into 4 parts; 1A, 1B, 2A and 2B,
interlinked by short linker regions (L1, L12, L2). The peripheral
sites of the rod domain (depicted in grey) contain highly
conserved regions in keratins. The head and tail consist of
non-helical segments, which contain most of the sites for post-
translational modifications (PTMs), including multiple
phosphorylation sites (47, 69).

The keratin family includes 54 different functional
keratin genes and proteins that are divided into two
generic groups: type |, acidic keratins, and type Il,
neutral or basic keratins. Type | and type Il keratins
form obligate heteropolymers consisting of at least
one of each type. Keratins have a molecular weight
in the range of 44-66 kD and constitute the main
cytosolic IFs in all epithelial cells such as
pancreatic acinar, duct and endocrine islet cells.
The different types of keratins are further
expressed in a cell- and tissue-specific manner
(35, 56) (Figure 2). The human type | and type Il
keratin genes are clustered on the human
chromosome 17921.2 and 12, respectively, with
the exception of type | K18, which is located
adjacent to type Il K8 on chromosome 12g13.13
(28). K8 and K18 are thought to be the closest
descendants to an ‘ancestral keratin pair’ and the
adjacent location of these two keratins may reflect
an early divergence within the keratin gene family
(43, 77). K8/K18 is also the earliest keratin pair
expressed in embryogenesis (28).

Simple layered epithelial cells, found e.g. in the
intestine, lung, liver and pancreas, predominantly
express the type Il keratin, K8, (and to a lesser
extent K7) and type | keratins K18, K19, K20 and,
in a few epithelial cells, K23. The specific type | and
type Il expression pairs differ between different
organs, as discussed below. Overall, K8/K18 is the



predominant pair in the liver and pancreas, while
K8/K19 heteropolymers predominate in intestinal
epithelial cells. However, in hepatocytes, K8/K18 is
the only keratin pair, whereas in the pancreatic
acinar cells and in intestinal cells, K8 pairs with
both K18, K19 and K20 (69, 85).
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Figure 2. Keratin expression in epithelial tissues and the
pancreas. Intermediate filament type | and type |l keratin (gray
box) proteins are divide in skin keratins (light yellow box), hair
keratins (yellow box) and simple epithelial keratins (green
box). The main keratins in adult human exocrine pancreas
acinar cells are K8, K18, with the addition of K19* in the
centroacinar cells. K19 and K7 are expressed in mammalian
exocrine ducts (rat ducts also express K20). Mouse acinar
cells also express mainly K8 and K18, but in addition lower
levels of K19* and K20** near the apicolateral membranes.
The endocrine pancreatic cells (in mouse) express K8 and
K18, and lower levels of K7. K7 and K19 are found in the
embryonic pancreas.

Of all simple epithelial organs, liver is the most
affected by keratin abnormalities (33). This disease
susceptibility is probably due to hepatocytes
expressing only K8 and K18 (35, 63). Several liver
disease-associated mutations of K8, K18 and K19
have been identified in humans (45, 46, 69). Mouse
models expressing these mutations often
phenocopy the disease (33, 46) and are therefore
important for studies relating to keratinopathies.
Since K8 is the main type Il keratin in most simple
epithelia, the K8 null mouse, as well as mice
overexpressing wild-type K8 or disease-related K8
or K18 mutations, present valuable tools for
studying the roles of keratins in simple epithelial
organs. The liver and colon are the organs most
affected by these keratin deficiencies and they are
also the most studied in this context (46). The
exocrine pancreas is less affected by K8 deletion;
the K8 null exocrine pancreas appears, in fact, to
be modestly protected from experimental
pancreatitis-induced injury (68). Experimental K8

and K18 overexpression, conversely, conveys
age-associated atrophic changes to the exocrine
pancreas, yet does not result in any known
pathological anomalies in the liver (71). In this
review, the expression and regulation of keratins in
the exocrine pancreas during basal conditions and
pancreatic injury as well as keratin-dependent
regulation of cell stress-response proteins will be
reviewed. Further, the implications of keratin
defects on different types of pancreatic injury and
the changes in keratin expression in pancreatitis
and pancreatic cancer will be discussed.

Il. Intermediate Filament Keratin
Function, Regulation and Disease
Association

IFs, including keratins, were first recognized as
structural components of cells, serving mainly as
static mechanical support for the cells. Further
investigations into the structure and function of
keratins nevertheless revealed that they are, in
fact, highly dynamic structures that assemble and
disassemble very quickly, e.g. by means of post-
translational regulation in response to various
stimuli (59). Phosphorylation is the most frequently
occurring -and also the most studied - PTM in
keratins. The PTM sites are mainly located on the
head- and tail domains of keratins and these
domains typically contain multiple phosphorylation
sites (Figure 1). Keratin PTMs enable rapid and
dynamic regulation of the keratin filament solubility,
as well as network assembly and organization (47).
Keratin PTMs, moreover, regulate the association
of keratins with multiple essential cellular proteins,
such as the cytolinker protein plectin, 14-3-3
adapter protein as well as several protein kinases
and phosphatases (6, 39, 47). Keratins attach to
the desmosomes and hemidesmosomes through
cytokinker proteins, thus forming a cytosolic
network that extends from the cell membrane to the
nucleus, providing a flexible yet mechanically
stable cellular reinforcement (76). Keratins are, as
a consequence of their interaction with multiple
cellular proteins, involved in diverse cell



physiological processes, in addition to providing
dynamically adaptable mechanistic reinforcement
in the cell (79). The multitude of different proteins
that interact with keratins, many of which are
essential cell-signaling mediators hence imply a
central regulatory role for epithelial cell keratins in
intracellular organization, cell signaling,
maintaining cell polarity, regulating translation and
targeting proteins and organelles in the cell (2, 19,
30, 41, 46, 48, 57, 59, 74).

Keratins also serve a vital role in the protection
from both mechanical and non-mechanical cell
stress. A strong cell specific upregulation of keratin
protein and / or mRNA takes place after different
types of injury. This upregulation, that often occurs
in the regenerative phase after injury, can be
observed, for example, in response to skin
damage, liver injury and to chemically induced
pancreatic injury, and may include de novo
expression of stress-induced keratins (34), as
discussed below. The upregulation of keratins in
response to cell stress provides mechanical
reinforcement for the cells but may also regulate
cell responses on a more intricate level through
keratin interactions with cellular pathways that
determine cell survival, apoptosis or regeneration
(50).

Given the multiple functions for keratin IFs, it is
hardly surprising that keratin deficiencies or
mutations play a role in several human diseases.
Mutations in skin keratins cause several different
diseases including epidermolysis bullosa simplex,
and mutations in simple epithelial keratins increase
the susceptibility to various liver diseases (45).
Research work based on animal models further
links keratin abnormalities with skin and nail
disorders, as well as dysfunctions in hair and liver
(45). K18 null mice develop age-dependent
pathological hepatocyte anomalies, resembling
chronic cirrhosis, while K8 ablation causes liver
insufficiencies (53, 72, 73) as well as a microbiota-
dependent colitis (22, 23). The K8 null colitis is
accompanied by deficiencies in ion-transport and
energy metabolism, a Notch1-associated cell fate
shifts towards a more secretory cell type, increased

inflammasome signaling, as well as increased
susceptibility to colorectal cancer (4, 25, 36, 42). In
the murine thymus, K8 deletion causes increased
apoptosis (44). In the endocrine pancreas, we have
demonstrated mislocalization of the B-cell glucose
transporter 2 (GLUT2), defects in mitochondrial
morphology and function as well as decreased
insulin levels associated with abnormal insulin
vesicle morphology in K8 null mice (2, 57).
Moreover, mice with reduced K8 expression (K8
heterozygote null mice) show increased
susceptibility to experimental type | diabetes (3). In
many cases, however, the keratin mutation does
not in itself cause a disease, but it constitutes a risk
factor and renders the affected individual more
vulnerable to certain conditions (46, 69). These
indirect disease associations are not always easy
to verify, as the keratin mutation may be one of
many factors contributing to a disease but may
nevertheless be an important susceptibility factor
for diseases/ dysfunctions of epithelial cells and
tissues.

lll. Keratin Expression in The
Exocrine Pancreas in Humans and
Murine Models

The exocrine pancreas consists of acinar cells that
secrete digestive enzymes, and a network of ducts
that transport these enzymes from the pancreas to
the small intestine (51). The acinar cells are
pyramidal shaped simple epithelial cells arranged
in acini, whereas the duct cells are simple
squamous or cuboidal type epithelial cells (51).
Keratins make up the IFs of the pancreas and
comprise 0.3% of the total pancreatic proteins (84).
The pattern of keratin expression differs between
different species and developmental stages. The
subcellular localization of the different keratins in
the pancreas is moreover highly orchestrated and
molded by the cell-specific conditions.

Under basal circumstances, adult mouse acinar
cells express K8 and K18 with minor levels of K19
and K20 (Figure 2). K8 and K18 form cytoplasmic
filaments throughout the acinar cell, including
prominent keratin bundles (known as apicolateral



filaments) running along the apical and lateral circumstances (Figure 3) (68, 70, 84). K19 and K7
domains, in parallel to the F-actin layer closest to are the main keratins of exocrine pancreatic duct
the cell membrane (68). In contrast, K19 and K20 cells in mice (68), and K19, K7 as well as K20, in
are only observed apicolaterally under basal rats.

K18 K8+K18

Figure 3. Keratin expression in mouse exocrine pancreatic acinar cells. A. K8 (a, green) and K18 (b, red) form cytoplasmic
heterodimeric filaments (merged image of K8/K18 is shown in ¢) in acinar cells whereas K19 (d, green), here co-stained with
K18 (e, red; merged image of K19/K18 in f), is observed apicolaterally. Nuclei are shown in blue and an acinus in ¢ and f with
basally located nuclei are outlined with a dotted line. Scale bar = 20 ym B. The schematic illustration shows acinar cell
cytoplasmic and apicolateral K8/K18 (green) and apicolateral K19 and K20 (orange) filament localization under basal conditions
(left), and the apicolateral as well as de novo K19/K20 cytoplasmic filament localization during regeneration after acinar cell

injury (right).

Outside the scope of this review, the mouse expression has been reported in neonatal rat
endocrine pancreas, consisting of islets of endocrine pancreas (8, 78).

Langerhans, also expresses mainly K8 and K18,
but also some K7, which like K8, forms
heteropolymers with K18 (2). Additionally, K20

In humans, K7 and K19 are expressed in all
epithelial cells during fetal development.



Postnatally, differentiated human acinar cells only
express K8 and K18, while K7 and K19 expression
is retained in the pancreatic duct cells (7) and K19
in centroacinar cells (68). K20, does not appear to
be expressed under basal conditions in human
pancreatic duct cells to any significant degree (8,
78).

The physiological importance of these subtle inter-
species pancreatic cell differences in keratin
expression is not known. However, given the
universal expression of K7 and K19 in early fetal
development, retention of K19 in rodent acinar
cells may be indicative of a lower level of cellular
differentiation. Furthermore, K20 expression in the
neonatal rat endocrine pancreatic cells is
associated with cell proliferation (7) and increased
expression of mouse K19 and K20, with acinar cell
regeneration (see below Section VII). It may hence
be speculated that the presence of K7, K19 and
K20 expression in rodent pancreas reflects a lower
level of cellular differentiation and perhaps higher
degree of plasticity and regenerative capacity. This
hypothesis is in line with the observations that
pancreatic regeneration after injury, obesity and

during pregnancy is significantly higher in rodent
than in human pancreatic cells (11).

IV. The Effects of Experimental
Keratin Mutations, Deletion or
Overexpression, in the Exocrine
Pancreas Under Basal Conditions

The exocrine pancreas has a strikingly high
tolerance to keratin absence or mutations, when
compared to similar keratin deficiencies in the liver,
which also predominantly expresses K8 and K18.
The subject matter deserves consideration since
these findings challenge a simplistic view of
keratins as static stress protectors in all cells and
bids for a more scrutinizing analysis of the
mechanisms underlying the stress protein
functions of keratins. Several transgenic mouse
models that either lack or overexpress wild-type
keratins, or that overexpress specific human
keratin mutations have been used to explore the
role of keratins in the exocrine pancreas
(summarized in Table 1).

Table 1. Exocrine pancreatic phenotypes in wild type and different K8 and K18 transgenic mice under basal conditions.

hK18 R90C K18 Low & modest High overexpression
Genotype: Wild-type K8 null K18 null over- glycosy- overexpression
expression lation
Deficient
(S30/31/49
Phenotype: A) hK18 mK3 hK8 mK8/hK18
K8/K18 Absent Disrupted Normal Normal Normal Normal Normal
Keratin cytoplasmic, cytoplasmic | cytoplasmic but but but but
filament apicolateral filaments filaments TK18 T1TK8/K18 T11K8/K18 TT1TK8/K18
network filaments Absent
and TK19, K20 ND TK19/K20
subcellular K19/K20 Intact Intact cytoplasmic cytoplasmic
location apicolateral apicolateral | apicolateral filaments filaments
filaments filaments filaments
1pK18 ND 11pK8/pK18
Phenotype Normal Normal Normal Normal Normal Normal Normal Age-dependent Age-dependent
histology histology histology histology histology histology pancreatitis, vacuolization,
dysplasia, atrophy
Moderately | Moderately Moderately fibrosis, ductal
decreased | decreased decreased metaplasia, Rounded acini
acinar cell acinar cell acinar cell inflammation,
viability viability viability acinar
dedifferentiation Numerous, small
Normal Normal Normal and mislocalised
stimulated stimulated stimulated Mislocalised zymogen
secretion secretion secretion zymogen granules
granules
Reg-ll level Normal m 1 1 ND ND ND ND ND
References | 67, 68, 83, 68, 83 68 70, 83 34 70,71 71 12 74|
84

H, human; m, mouse; pK, phospho-keratin; 1 - 111/ + - +++, level of increase from low to higher. Note that the table depicts published analysis and that eg
K20 and phospho-keratin or Reg-Il levels have not been determined in all studies. Moreover, wild-type mice strongly elevate Reg-Il levels after CDD and

Caerulein pancreatitis treatment (83).

Table 1. Basal pancreatic phenotypes of keratin transgenic mice.
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A. K8 and K18 null mice

The only type Il keratin expressed in acinar cells is
K8. Since keratins are obligate heteropolymeric
proteins and require both a type | and type Il keratin
to form stable filaments, it is expected that acinar
cells in mice lacking K8, are entirely void of
keratins. Indeed, the absence of both K8 and K18
has been demonstrated by immunofluorescence
labelling and immune-electron  microscopic
analysis in K8 null mice. In contrast, K18 null mice
still express K8, since K8 forms heteropolymers
with K19 in the absence of K18. However, under
basal circumstances, K8/K19 keratin filaments are
located solely to the apicolateral region of the
acinar cells in K18 null mice, as K19 cannot
compensate for cytoplasmic K18 filament
formation under basal conditions. However, the
histology of the K18 null pancreas is normal, apart
from some poly-nuclear areas that bear a
resemblance to the histological observations in the
livers of K8 null and K18 null mice (68, 72). The
secretory response upon stimulation by
cholecystokinin octapeptide (CCK-8) is normal in
K8 and K18 null mice, but the acini are moderately
less viable than in wild-type mice (68). The modest
phenotype changes in K18 null mouse pancreas
may be explained, at least in part, by the existence
of the K8/K19 heteropolymers. However, in K8 null
mice, the resistance to injury probably comes down
to other compensatory mechanisms (68). One
such suggested mechanism is the upregulation of
regulatory protein Il (Reg-Il), which occurs in the
K8 null pancreas. This will be discussed in greater
detail in sections V of this review.

B. Transgenic mice overexpressing wild-
type keratins

In contrast to keratin deletion, keratin
overexpression is well tolerated in the liver, while
in the pancreas it is associated with various
pathological changes (12, 71). In the study by
Casanova and colleagues, which involved
transgenic mice overexpressing human K8, severe
age-dependent progressive abnormalities were
observed in the exocrine pancreas, demonstrated

by a 30% loss of pancreatic mass, dysplasia,
fibrosis, ductal metaplasia, inflammation and
dedifferentiation of acinar cells into duct cells (12).
The study by Toivola et al. (2008) showed that the
extent of pancreatic damage correlates with the
level of keratin overexpression (71). This latter
study used human K18 overexpressing mice
where keratin levels were only minimally
increased, mouse K8 overexpressing mice with
moderately upregulated K8, K18, K19 and K20, as
well as mice that overexpressed both mouse K8
and human K18 (K8/K18 overexpressors), leading
to a substantial keratin upregulation (71). Though
the effects of keratin overexpression were less
severe in the study by Toivola and colleagues,
similar acinar cell anomalies were observed as by
Casanova et al, such as age-dependent atrophy
and fatty vacuole formation - particularly in the
mice with the highest levels of Kkeratin
overexpression. Hence, it is likely that the
aggravated injury in the earlier study may have
been due to a higher level of keratin upregulation
(71).

Genetic overexpression of both K8 and K18 in
pancreatic acinar cells changes the distribution
and phosphorylation level of keratins and causes
alterations in the quantity, size, and distribution of
the amylase-containing zymogen granules in the
acinar cells. The zymogen granules in K8/K18
overexpressing cells, as well as in human K8
overexpressing mice, were smaller in size, but
more numerous than in wild-type mice (71).
Moreover, the granules were not retained to their
characteristic apical location but instead diffusely
localized in the cytoplasm in K8/K18
overexpressors (12, 71). Thick K8/K18 bundles,
visualized using electron microscopy, were located
mainly around the apical lumen in wild-type acinar
cells, but were frequently localized also to
perinuclear and cytoplasmic locations and the
phosphorylation level of keratins, which often
corresponds with cell stress (47), was increased at
K8 S79 and K18 S33 in K8/K18 overexpressors
(71). Hence, overexpression of keratins in acinar
cells appears to interfere with the intracellular
organization of keratin and alter the exocrine



function of the acinar cells. Interestingly, mice that
overexpress a K18 S33A mutation (which inhibits
serine 33 phosphorylation), display keratin
filaments that are retracted from the basal and
nuclear region and instead concentrated in the
apical region of acinar cells. However, these mice
do not display abnormal pancreatic histology or
disease (32).

These studies of the exocrine pancreas, using
keratin overexpressor mice, further highlight the
interrelationship between type | and type Il
keratins. Since K18 overexpression caused a
minimal increase in keratin levels compared to K8
overexpression, it is evident that the level of type Il
keratins has a more profound effect on overall
keratin regulation than type | keratins in the
exocrine pancreas. Moreover, as the exocrine
pancreas contains more than one type | keratin
(K18, K19, K20), a deficiency or upregulation of
one of these may be compensated, to a certain
extent, by a down- or upregulation of another type
| keratin.

C. Transgenic mice overexpressing human
diseases-related keratin mutations

The contribution of specific keratin mutations for
increased susceptibility to injury or disease has
been analyzed with the help of transgenic mouse
models, expressing human keratin mutations.
Many of these experimental models, including
human K18 R90C mice (which have a mutation
equivalent to K14 R125C, found in epidermolysis
bullosa simplex patients) as well as human K8
G62C mice (expressing a common human keratin
variant mutation in liver disease patients), display
early-onset liver inflammation, necrosis and
increased susceptibility to hepatotoxicity (5, 33,
73). The exocrine pancreas in these mice, on the
contrary, appears far less affected by these
mutations. Although the viability of the acini is
somewhat compromised in K18 R90C mice
displaying disrupted keratin filaments, these mice
do not display increased pancreatic injury under
basal circumstances (68). K18 R90C mice lack
intact cytoplasmic keratin filaments (displaying

only K8/K18 dots in the cytoplasm), but they
express apicolateral filaments in acinar cells, since
K8 polymerises with K19 and K20 which are
located apicolaterally under basal conditions. This
is in contrast with K18 R90C mouse hepatocytes,
in which apicolateral keratin filaments are scarcer.
This difference between hepatocyte and
pancreatic keratins have been suggested as one
reason underlying the lesser disease susceptibility
of the pancreas compared with the liver in the K18
R90C transgenic mouse model (68).

V. Keratins in Mouse and Cell Models
for Pancreatic Injury

Keratin networks are dynamic and respond swiftly
to changes in the cellular environment. Several
studies have investigated the roles of keratins in
the exocrine pancreas by subjecting wild-type and
K8 or K18 deficient mice to experimental
pancreatitis models, including the caerulein model
and the choline-deficient diet model (81)
(summarized in Table 2). Typically, in these
conditions, keratins are first rapidly broken down
upon acinar cell injury, but reform quickly and
become highly upregulated during recovery.
During the recovery process, keratins are also
extensively phosphorylated, as is common in
keratin stress-responses. This dynamic process
has been described after caerulein-induced
exocrine pancreatic injury, which causes a rapid
disassembly of the acinar cell keratin network
within 1 hour of induction of injury, followed by a
reassembly of keratin cytoplasmic filaments in the
early recovery phase 7 -24 hours after induction of
injury. The cytoplasmic keratin network reforms
during the recovery phase, and temporarily, strong
de novo cytoplasmic filaments containing K19 and
K20 become very prominent (Figure 3B), in
addition to the K8/K18 cytoplasmic filaments (34,
68). This keratin upregulation is transcriptionally
regulated since keratin mRNA levels also increase
48 hours after caerulein induction (84).



Table 2. Exocrine pancreatic phenotypes in wild type and different K8 and K18 transgenic mice after exposure to experimental
models for pancreatic injury.

Mouse genotype: K18 glycosylation
Wild-type K8 null K18 null hK18 RS0C over- deficiency
Disease model: expressor (S30/31/49A)
Caerulein +++ ++ ++ +4+ ND
Susceptibility:
Degradation Degradation
Keratin phenotype: 1PK3 Absent 1pK8 Rearrangements
TK8/K18/K19/K20 T K8/K19 ND
cytoplasmic cytoplasmic
filaments filaments
cDD +++ +++ +H+ +4+ ND
Susceptibility:
TpK8 Absent ND
Keratin phenotype: T K8/K18/K19/K20
cytoplasmic
filaments
CV B4-V No lethality 1 lethality No lethality ND ND
(high virulence)
CV B4-P Susceptible Less susceptible, Similar to ND ND
(low virulence) quicker recovery Wild-type
STZ acute Low lethality ND ND, 1 Oedema Low lethality 1 Lethality
T Oedema
*Prone *Moderately resistant | *Islet cell necrosis 1 Apoptosis
Mild exoctine 1 exocrine damage: ND ND ND
STZ chronic damage oedema, hyperplasia,
atrophy
*Moderately resistant
"K8 htz null mice
*Moderate damage more sensitive
Reference 2, 34,67,68, 70, 83, 2,3,67,68 34,67, 68 34,70 34
84

H, human; m, mouse; pK, phospho-keratin; 1 - 111 / + - +++, level of increase from low to higher; CDD, choline deficient diet pancreatitis
model; CV, coxsackievirus; ND, not determined; STZ, streptozotocin; * endocrine pancreas phenotype.

Table 2. Experimental pancreatic injury phenotypes in wild-type and keratin transgenic mice.

Ultimately, in the late recovery phase (within 5
days), retrieval of the normal, base-line filament
network structure occurs, and K19 and K20
filaments repossess their exclusively apicolateral
localization. A similar keratin upregulation on
protein and mRNA level, accompanied by de novo
cytoplasmic K19 and K20 filament formation, is
seen 1-2 days after discontinuation of choline-
deficient diet feeding, with keratin levels returning
to baseline levels 7 days into the recovery phase
(84). A similar transitory, recovery phase apical- to
cytoplasmic localization shift also appears in
caerulein-treated K18 null mice, in which the
keratin network under basal circumstances is
exclusively apicolateral in acinar cells. In this
model as well, the filaments revert back to their
apicolateral localization later in the recovery phase
(68). It is still unknown what regulates the induction
of this remarkable transient K19 and K20

cytoplasmic filament formation, but it is suggested
that it plays an important role in the recovery of
acinar cells after injury. The existence of K19
filaments in K18 null mouse acinar cells has been
postulated as a possible reason for the high
tolerance to experimentally induced pancreatic
injury in these mice (68). If this is the case, it is
possible that K18 mutations may be more
detrimental for human acinar cells, which lack K19
filaments. Interestingly, the keratin upregulation
appears to be specific to regeneration after
pancreatitis, since generalized stress models such
as heat or water-immersion, does not alter keratin
expression levels (84). However, TGFBRII
dominant negative mutant mice, which develop a
severe chronic pancreatitis phenotype similar to
human K8 overexpressing mice, show highly
increased K8 and K18 levels in the pancreas (12).
Keratin gene transcription in the pancreas has not



been extensively studied, but the K19 gene in
pancreatic duct cells is regulated by PDX1,
GKLF/KL4 and SP1, indicating an association
between K19 expression and the developmental
stage in the pancreas (10, 16).

Interaction with the keratin-binding protein,
epiplakin, contributes to the dynamics of
pancreatic keratin remodeling after caerulein
injury, as epiplakin-deficient mice display both a
quicker keratin network breakdown after injury, as
well as impaired filament rearrangement, as
demonstrated by the accumulation of keratin
aggregates at the most severe phase of the cell
injury. These defects might be caused by
excessive hyperphosphorylation in the absence of
epiplakin (61, 80), emphasizing the role of dynamic
keratin regulation in stress responses. In addition
to the stress-induced keratin filament remodelling,
keratins could also be involved in caerulein-
induced inflammatory responses in the acinar
cells, since caerulein-induced keratin upregulation
is associated with nuclear factor-kB (NF-kB)
activation (84).

The extensive rearrangement of keratin filaments
in response to pancreatic injury in caerulein- and
choline-deficient diet-induced pancreatitis,
suggests a protective role for keratins in these
injury models. Yet intriguingly, apart from minor
differences observed in certain disease
parameters, K8 null (which lack acinar cell keratins
entirely), K18 null (which express only K8/K19
acinar cell filaments) and K18 R90C mice, are not
overall more sensitive to choline deficient diet or
caerulein-induced pancreatitis, compared with
wild-type mice (68). In fact, even with more
prominent vacuolization, the histological damage,
in terms of inflammation and edema is slightly
lower in K8 null and K18 null mice after caerulein,
compared to wild-type mice (68). Moreover, no
differences in pancreas histology, serum amylase
or lipase levels were observed in K18 R90C mice
compared with wild-type K18 overexpressing mice
(70, 83). These seemingly near dispensable
effects of keratin deficiencies in the exocrine
pancreas are puzzling. However, some potential
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underlying reasons for the relative stress tolerance
of the exocrine pancreas in keratin deficient mice
can be extrapolated from existing animal studies.
These include differences in the cellular
localization of keratins in the acinar cells and
hepatocytes, upregulation of cytoprotective
regulatory proteins (discussed in section VI), and
differences in the function of keratins in different
organs (70, 83). Further, the importance of keratins
in pancreatic stress may also depend on the type
and duration of the injury. For example, in a study
where K8 null and K18 null mice were challenged
with coxsackie B virus-induced pancreatitis, the
vulnerability of keratin deficient mice depended on
the virulence of the coxsackie virus strain. When
subjected to acute pancreatitis caused by the
highly virulent coxsackie virus strain B4-V (CVB4-
V), keratin null mice suffered significantly higher
mortality compared with wild-type mice (40 %
mortality in K8 null mice and 0 % in K8 wild-type
mice). In contrast, K8 null recovered quicker than
their wild-type counterparts from infection with a
less virulent, B4-P coxsackie virus strain (CVB4-
P). It has been proposed that this difference may
come down to the effect of Reg-lI-stimulated tissue
regeneration, since Reg-ll upregulation occurs
after infection with CVB4-P virus as well as in the
caerulein and choline-deficient diet pancreatitis
models, but not CVB4-V in wild-type mice (67, 83).
Interestingly, Reg-Il is upregulated in the K8 null
pancreas under basal conditions (83) and this
upregulation may assist in the injury response to
CVB4-P-induced pancreatitis, as will be discussed
in section VI.

In addition to CVB4-V coxsackie virus-induced
pancreatitis, keratin-deficient animals also appear
to be more sensitive to exocrine pancreatic injury
induced by streptozotocin (STZ). STZ is a
commonly used toxin for inducing type | diabetes
in experimental animals. This toxin is taken up by
B-cells through the glucose-transporter 2 (GLUT2)
and causes acute B-cell destruction if administered
at high doses, and partial B-cell depletion and
inflammation if administered at multiple low doses
(2, 65). Interestingly, K8 null mice develop
widespread exocrine pancreatic edema, atrophy,



vacuolization and inflammation in response to the
chronic stress induced by low-dose, STZ treatment
(40 mg/kg/day, for five days), while wild-type
animals display only modest exocrine damage
after this treatment (2). Interestingly, K8 null B-cells
are less sensitive to acute high-dose STZ (200 mg
/kg/day), likely due to mislocalization of GLUT2,
which is needed for the uptake of STZ into B-cells.
Yet, transgenic mice expressing a human K18
glycosylation-preventing  (K18-Gly(-)) mutation
suffer severe exocrine pancreatic injury after the
same high-dose STZ treatment (34). The STZ
treatment in this study induced multi-organ failure
in the glycosylation-deficient K18 mice, hence the
toxic effects on the pancreas may have been
exacerbated by the keratin mutation induced liver
deficiency in these animals (34). Taken together,
these results demonstrate that the function of
keratins, and their importance in protecting from
cellular injury in the pancreas, may be crucially
dependent on the disease mechanisms of a
particular experimental model, the duration of the
injury and the type of keratin anomaly.
Interestingly, in addition to keratin IFs, the type V
intermediate filaments, nuclear lamins, may also
contribute to pancreatic stress protection, since
pancreas-specific conditional lamin A null mice
show a spontaneous phenotype similar to chronic
pancreatitis, and patients with mutations in lamin A
have a higher risk of developing pancreatitis (17,
24).

Dynamic stress-induced regulation of keratins has
also been described in acinar cancer cell cultures
in vivo, under various experimental stress
conditions. For example, K23 mRNA was highly
induced by the histone deacetylase inhibitors
sodium butyrate and trichostatin  during
differentiation in the pancreatic cancer cell line
AsPC-1 (82), demonstrating the propensity for
keratin de novo expression during stress
conditions. In pancreatic carcinoma, PANC-1 cells,
which express K8 and K18, caerulein treatment
induced K8 S431 phosphorylation and a
reorganization of the keratin filaments into a tight
perinuclear network through activation of ERK and
downregulation of PP2A and alpha 4, resulting in
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enhanced cell migration (52). Interestingly, similar
K8 phosphorylation and perinuclear reorganization
has also been observed in PANC-1 and A549 cells
(human carcinomic alveolar cells) exposed to
metastasis-enhancing bioactive lipid sphingosyl-
phosphorylcholine, 12-Otetradecanoylphorbol-13-
acetate (TPA), leukotriene B4 (LTB4), or shearing
force (29, 52).

VI. Regenerating Protein Il as a
Cytoprotective Factor in Keratin-
Deficient Exocrine Pancreas Models

The regenerating (Reg) gene was first isolated
from islet B-cells in the pancreas (66). The protein
encoded by this gene (now termed Reg-l) was
found to have a significant stimulating effect on -
cells in the endocrine pancreas and was able to
ameliorate diabetes in 90% pancreatectomized
rats and in non-obese diabetic (NOD) mice (21). It
was later discovered that the Reg genes constitute
a multigene family consisting of three types of
genes (Reg-l, Il and lll) that differ in expression
pattern and functional characteristics, as reviewed
in (1, 83). In the endocrine pancreas, Reg-l seems
to play an important role in islet regeneration, while
in the exocrine pancreas Reg-ll is the predominant
Reg-protein. However, Reg-ll is substantially
upregulated in the exocrine pancreas during
recovery from caerulein or choline-deficient diet-
induced pancreatitis (83), which indicates that it
has an analogous function to that of Reg-l in the
endocrine pancreas. Interestingly, in the caerulein
model, Reg-ll levels increase early on, while the
K18 and K19 levels are at their highest later in the
recovery phase, but in the choline-deficient model,
Reg-Il and K18 peak around the same time (83).

The unexpectedly high resistance to pancreatic
damage in keratin deficient or mutant mice
discussed above has encouraged analysis of
compensatory factors in these mice that might
explain why keratin deletion causes less damage
in the exocrine pancreas compared to the liver,
despite a similar keratin expression pattern. In a
microarray analysis of K8 null mouse pancreas,
several genes were indeed found up- or



downregulated compared to wild-type control mice.
Among the significantly upregulated genes were
several members of the Reg-gene family, but
particularly the Reg-Il gene. Upregulation of Reg-Il
was also observed in other mice with keratin
deficiencies, such as K18 null, K18 R90C
transgenic mice, and phosphorylation deficient
K18 S52A transgenic mice. However, this
upregulation was not seen in K19 null mice, which
express normal, cytoplasmic and apicolateral
keratin filaments (83). It has thus been suggested
that the resistance to pancreatitis in K8 null and
K18 null mice likely comes down to a
compensatory protective effect of the Reg-ll
upregulation. This compensatory mechanism
could explain the greater resistance of K8 null mice
to the moderate pancreatic injury caused by
infection with CVB4-P, which is accompanied by
anti-apoptotic and cell regenerative responses, as
well as to the acute injury by CVB4-V infections,
which causes an upregulation of genes that favor
apoptosis, metaplasia and fibrosis (49, 68, 83).

The benefit of acinar cell Reg-Il overexpression for
recovery from experimental pancreatitis and
diabetes has been questioned in a study by Li and
colleagues (2010), since transgenic acinar cell-
specific overexpression of Reg-Il neither protected
the mice from streptozotocin-induced diabetes, nor
from caerulein-induced pancreatitis (38). In this
study, Reg-ll overexpression was moderate, and
roughly at a similar level to the spontaneous Reg-
Il upregulation after caerulein treatment. It is
possible that the advantage of transgenic
overexpression of Reg-ll over an endogenic Reg-ll
upregulation in response to caerulein is not
significant, if the experimentally induced
overexpression levels do not exceed the
endogenic stress-induced upregulation. Reg-ll is
nevertheless markedly upregulated in acinar cells
upon injury, and is hence evidently a stress
response protein, albeit the precise function of
Reg-ll in pancreatic injury remains unclear. Apart
from Reg-Il upregulation, other reasons that may
contribute to the exceptional disease resistance in
the exocrine pancreas of keratin-deficient mice
under basal conditions could include the unique
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intracellular localization of keratins in these cells
and the shift between apicolateral and cytoplasmic
filaments in response to cell injury, which is
characteristic for the exocrine pancreas.

VIl. Keratins in Human Pancreatitis
and Pancreatic Cancer

Keratins, and other IFs among the cytoskeletal
proteins are interesting to the medical field since
they are associated with over 100 human diseases
(45, 64, 69). Some keratin mutations are known to
be directly causative of disease (e.g. several skin
diseases), whilst mutations in simple epithelial
keratins have been shown to predispose to various
liver diseases. Moreover, since keratin expression,
and post-translational modifications are frequently
altered upon cell stress, keratins are also used as
diagnostic biomarkers for diseases. One example
of such histopathologies is the liver disease-
associated formation of keratin aggregates, known
as Mallory Denk bodies in hepatocytes (62, 69).

The prevalence of K8 mutations in human
pancreatitis has been analyzed in a few studies,
but no clear associations have been found. Two K8
variant mutations, Y54H and G62C, that
predispose to cryptogenic liver disease (31) have
been studied in this context. K8 G62C was first
found to predispose to chronic pancreatitis (13). A
later study found no significant correlation between
the frequency of either K8 G62C or K8 Y54H and
acute or chronic pancreatitis, or pancreatic cancer
in a cohort of more than 2400 patients (75).
Similarly, K8 G62C mutations were found not to be
associated with familial, sporadic or alcoholic
pancreatitis (55). However, a recent study has
identified an association between the KRT8 gene
and pancreatic cancer in a Japanese population
genome-wide association study (40).

Changes in keratin expression levels during
pancreatitis and pancreatic cancer have been
analyzed in a few studies. K20 is a keratin that
under normal circumstances has an expression
pattern restricted to a few cell types and can
therefore be used as a marker for certain cancers.



As mentioned earlier, K20 expression has been
reported in normal pancreatic duct cells in rats (7,
8), but the expression in humans is very low in the
pancreas under basal conditions (78). However,
K20 expression in human pancreatic duct cells is
markedly induced in metastatic pancreatic cancer
cells (78) and detection of K20 in pancreatic tumors
or in blood or bone marrow samples from patients
with pancreatic duct cell carcinomas, correlates
with a worse prognosis (54, 60). Furthermore, K19,
which in humans postnatally is restricted to duct
cells, can be observed in pre-cancerous acinar-like
cells before the appearance of metaplastic
changes in cell morphology. Hence, K19
expression in neoplastic acinar cells is an early
sign of metaplasia which precedes the fibrotic
changes related to metaplasia (20).

VIIl. Conclusions and Vision

During the last decades, keratin intermediate
filaments have emerged as important cellular
regulators and stress proteins of epithelial cells in
many different organs. As the complexity of
keratin-related functions has been unraveled, it
has become evident that the function of keratins
depends on the type of keratins expressed in the
cells and their subcellular localization, as well as
on the specific cell type and the cell-specific
functions and regulatory pathways.

The keratin expression in the liver and the exocrine
pancreas are similar, yet the susceptibilities to
keratin deficiency-related injury are evidently
different. The published studies relating to the role
of keratins in pancreas and liver cells have
provided some clues that help to explain the
differences in stress tolerance.

The dramatic upregulation of the injury-response
protein, Reg-Il in the exocrine pancreas of K8 null
and other keratin-deficient models, is probably one
factor that protects K8-deficient mice from exocrine
pancreatic injury (83). Indeed, this type of
precautionary protection appears to take place
also in skin cells, where keratin-mutant
keratinocytes are similarly pre-prepared for injury
through upregulation of basal level JUN-kinase
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activation and profuse activation of osmotic shock-
induced stress pathways (15). Keratin deficiency
may thus induce a chronic injury response that puts
cells in an ‘alert state’, facilitating a swift cellular
response to stress. The activation or inhibition of
the same cell-signaling molecule may, however,
have different consequences in different organs or
under different circumstances, due to the
complexity of the cell signaling pathways and
downstream effects. It has, for instance, been
shown that activation of transcription factor NF-kB
has a protective, anti-apoptotic effect in liver injury
and it has been suggested that the sensitivity of K8
null liver cells to apoptosis is linked to a defective
activation of this transcription factor (37). Activation
of NF-kB nevertheless appears to have a negative
effect on pancreatic cell survival in caerulein-
induced pancreatitis, since it enhances the
inflammatory response (14). It is interesting to
speculate whether the resistance of K8-deficient
mice to caerulein-induced pancreatitis may be
associated with interference with the NF-kB
activation in pancreatitis (84), but a link between
K8 deficiency and impeded NF-kB activation has
not yet been reported for the exocrine pancreas.

Keratins in the exocrine pancreas may at first sight
appear redundant, given that keratin deficiency is
remarkably well tolerated under basal conditions
as well as in some pancreatic injury models. The
dynamic remodeling of keratins in response to
exocrine pancreatic stress and the association of
keratins with both Reg-Il regulation as well as with
inflammatory responses, such as NF-kB activation
however contradicts the notion that keratins would
lack a role in exocrine pancreatic injury responses.
Rather than presenting an exceptional model
organ in which keratins do not matter for stress
tolerance, perhaps the exocrine pancreas really
demonstrates the complexity of keratin-associated
cell biology and the remarkable adaptability of the
cells to counterbalance inherent weaknesses.
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