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Mutation of the adult hepatocyte keratins K8 and K18
predisposes to liver disease. In contrast, exocrine
pancreas K8 and K18 are dispensable and are co-
expressed with limited levels of membrane-proximal
K19 and K20. Overexpression of mutant K18 or ge-
netic ablation of K8 in mouse pancreas is well toler-
ated whereas overexpression of K8 causes spontane-
ous chronic pancreatitis. To better understand the
effect of exocrine pancreatic keratin overexpression,
we compared transgenic mice that overexpress K18,
K8, or K8/K18, associated with minimal, modest, or
large increases in keratin expression, respectively, with
nontransgenic wild-type (WT) mice. Overexpression of
the type-II keratin K8 up-regulated type-I keratins K18,
K19, and K20 and generated K19/K20-containing neo-
cytoplasmic typical or short filaments; however, over-
expression of K18 had no effect on K8 levels. K8- and
K18-overexpressing pancreata were histologically sim-
ilar to WT, whereas K8/K18 pancreata displayed age-
enhanced vacuolization and atrophy of the exocrine
pancreas and exhibited keratin hyperphosphorylation.
Zymogen granules in K8/K18 pancreata were 50%
smaller and more dispersed than their normal apical
concentration but were twice as numerous as in WT
controls. Therefore, modest keratin overexpression has
minor effects on the exocrine pancreas whereas signif-
icant keratin overexpression alters zymogen granule
organization and causes aging-associated exocrine atro-
phy. Keratin absence or mutation is well tolerated after
pancreatic but not liver injury, whereas excessive over-
expression is toxic to the pancreas but not the liver
when induced under basal conditions. (Am J Pathol
2008, 172:882–892; DOI: 10.2353/ajpath.2008.070830)

Intermediate filaments (IFs) consist of a large group of
proteins that are expressed in a tissue-specific man-
ner.1,2 Examples of the cell- or tissue-specific expression
of IFs, which is reflected by a broad range of related
diseases, includes neurofilaments in neuronal cells, desmin
in muscle, and glial fibrillary acidic protein in glial cells.3

Keratins (Ks) are the IFs of epithelial cells and exist as
obligate noncovalent heteropolymers with a minimum of
one type-I keratin (K9 to K20) and one type-II keratin (K1
to K8).4 Adult hepatocytes are distinct in that they ex-
press only K8 and K18, whereas other glandular epithelia
such as those of the intestine, pancreatic, or biliary ducts
express type-II K8 and K7 and type-I K18, K19, and/or
K20.4,5 Pancreatic acinar cells typically include two fila-
mentous keratin compartments and keratin compliments
that may vary slightly among species; a network of cyto-
plasmic keratins that under basal conditions express pri-
marily K8 and K18, and bundles of apicolateral mem-
brane-proximal keratins that include K8/K18/K19 and low
levels of K20.6–8

An important function of K8/K18 in hepatocytes is pro-
tection from mechanical and nonmechanical forms of
stress as demonstrated using a variety of transgenic
animal models.9,10 Numerous human diseases associate
with IF mutations,3,11–13 and in the case of K8/K18 sev-
eral human association studies have provided strong
evidence that the KRT8 and KRT18 genes are suscepti-
bility genes for liver disease development.9,14 The human
liver disease association studies are supported by an
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extensive body of animal data involving mice that ex-
press mutant K8 or K18 or that are null for K8 or K18.9 The
animal data, coupled with ex vivo and in vitro studies, also
showed that K8/K18 prevents liver injury by protecting
hepatocytes from undergoing apoptosis.9,15,16

In contrast to findings in the liver, keratin function and
disease association in the pancreas are less clear al-
though disease-association is unlikely to be significant.
For example, K8-null6 and keratin assembly-deficient
K18-mutant mice17 have similar susceptibility to pancre-
atic injury using two experimental pancreatitis models,
which may be related to compensatory overexpression of
Reg-II.18 However, transgenic mice that overexpress hu-
man K8 develop progressive chronic pancreatitis and
increased cell proliferation and apoptosis.19 This led to
the search and reporting of K8 G61C variants in patients
with chronic pancreatitis20 that was not substantiated to
associate with chronic pancreatitis in two subsequent
large studies.21,22 These latter human association studies
in patients with pancreatitis suggest that K8/K18 variants
are unlikely to be as significant in pancreatic disease as
they are in liver disease. Nevertheless, both mouse pan-
creatic23 and liver24 injury result in a nearly threefold
increase in K8/K18 levels despite their already abundant
baseline expression.23 In acute experimental pancreati-
tis, keratin induction includes the up-regulation of nor-
mally apicolaterally distributed K19 and K20 that incor-
porate into existing and similarly up-regulated K8/K18
cytoplasmic filaments. On recovery from injury, the up-
regulated keratins return to their basal levels and cell com-
partment distribution.6,7,17 The functional significance of
keratin overexpression in the pancreas is unknown.

Forced overexpression of several wild-type (WT) IFs has
been performed to study their function and potential dis-
ease association.4,25 In addition, mice that overexpress IFs
have been used as a control for the overexpression of
mutant IFs. For example, mice that overexpress WT human
(h)K18 have a normal phenotype26,27 whereas those that
overexpress mutant R89C hK18 have disrupted cytoplas-
mic keratin filaments in the liver and pancreas that render
hepatocytes fragile27 and susceptible to toxic liver injury28

and apoptosis29 but not to pancreatic injury.17 Similarly,
overexpression of WT K8 is well tolerated except for the
predisposition to Mallory-Denk body inclusion forma-
tion30 (formerly called Mallory bodies),24 whereas over-
expression of the liver disease patient-related K8 variant
(G61C) predisposes to liver injury and apoptosis.31 The
pancreas phenotype of mice that overexpress either
hK831 or mouse (m)K830 was unremarkable but has not
been studied in great detail. For other IFs, overexpres-
sion of WT neurofilaments leads to a phenotype mimick-
ing human amyotrophic lateral sclerosis that in a few
cases may be related to neurofilament mutation,32 and
overexpression of WT glial fibrillary acidic protein leads to
a phenotype that mimics Alexander disease that is
caused by glial fibrillary acidic protein mutation.33 For the
pancreas, the above-described report of spontaneous
pancreatitis in mice that overexpress hK819 led us to
hypothesize that the expression levels of WT K8/K18 in
the pancreas dictate whether injury takes place. We
tested this hypothesis using transgenic mice that overex-

press different levels of K8 and K18. We show that in-
creasing keratin expression correlates with the extent of
pancreatic injury, whereas the liver appears to be rela-
tively immune from such overexpression effects.

Materials and Methods

Mice

All transgenic and nontransgenic mice had the same FVB/n
genetic background. Transgenic mice that overexpress WT
hK18 (hK18 mice) were previously described.26,27,29,34 The
mice that overexpress mouse K8 (mK8 mice) and their
interbreeding with hK18 mice (to generate K8/K18 mice)
and genotype screening were performed as described.30

The hK18 and mK8 transgenes were derived from genomic
clones that retain the transcriptional elements necessary for
tissue-specific expression that is similar to the correspond-
ing endogenous genes. hK8 overexpressor mice,31 K8-null
mice,35 and K19-null mice36 were generated and main-
tained as previously described.

Mouse and Acute Pancreatitis Experiments

For all of the animal experiments, mice were age- and
sex-matched; with young mice being �8 to 10 weeks old
and older mice being �2 years old. Mice were eutha-
nized by CO2 inhalation and blood was collected by
intracardiac puncture. Amylase measurement (IU/L) was
done using serum from clotted blood. Pancreata were
rapidly removed and cut into pieces that were: 1) imme-
diately fixed in 10% formalin for histological analysis, 2)
embedded in optimum cutting temperature compound
(Miles, Elkhart, IN) for immunofluorescence staining, 3)
snap-frozen in liquid N2 for protein analysis, or 4) imme-
diately submerged into RNAlater stabilization reagent
(Qiagen, Hilden, Germany) for RNA analysis. Fixed tis-
sues were sectioned then stained using hematoxylin and
eosin (H&E). Pancreatic morphology was scored by one
of the authors (S.A.M.) for atrophy and areas of fat cells/
total pancreas area without knowing the genotype of the
mice. Acute pancreatitis was induced in 8-week-old mice
by 7 hourly intraperitoneal injections of caerulein (50
�g/kg; Sigma, St. Louis, MO) or saline (controls) as de-
scribed.6 Mice were allowed to recover from pancreatitis
and sacrificed 48 hours after the first injection that is
known to represent peak keratin induction.7

Antibodies, Immunofluorescence Staining, and
Transmission Electron Microscopy

The antibodies (Abs) used include37: Ab 8592 (anti-m/
hK8/K18); Ab 8250 [anti-K18 phospho-(p)S33]; Ab 3055
[anti-K18 phospho-(p)S5238]; Troma I (anti-m/hK8) and
Troma III (anti-K19; University of Iowa Hybridoma bank,
Ames, Iowa); Troma II (anti-mK18); L2A1 (anti-hK18); LJ4
(anti-mK8 pS79); anti-actin (ACTN05), anti-tubulin (MS-
581), and anti-K20 (K20.8) (NeoMarkers, Fremont, CA);
and anti-amylase (Sigma).
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Immunofluorescence staining was performed as de-
scribed,37 as was transmission electron microscopy (TEM),17

and 0.5-�m sections were stained for 20 seconds with 0.5%
toluidine blue/0.5% sodium borate to help visualize subcel-
lular structures [particularly zymogen granules (ZG)]. Quan-
tification of ZG size was performed using TEM images of WT
and K8/K18 pancreata and Volocity software (Improvision,
Lexington, MA). Statistical significance was determined us-
ing the two-tailed unpaired t-test.

Biochemical Methods

Total protein tissue lysates were prepared by homogeni-
zation in 3% sodium dodecyl sulfate (SDS)-containing
sample buffer followed by pelleting to remove nonsolubi-
lized debris. Protein concentration was determined using
the BCA protein assay (Pierce, Rockford, IL). Equal
amounts of protein were analyzed by SDS-polyacryl-
amide gel electrophoresis (PAGE) followed by staining
with Coomassie blue. Alternatively, gels were transferred

to membranes for immunoblotting then visualized by en-
hanced chemiluminescence (Perkin Elmer, Boston, MA).

Real-Time Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated using an RNeasy midi kit (Qiagen,
Chatsworth, CA). The RNA was converted into cDNA
using Oligo-dT primers and Superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA). Quantitative real-
time PCR was performed with an ABI Prism 7900 se-
quence detection system (PE Biosystems, Foster City,
CA) using previously described primers.30 Samples were
analyzed in quadruplicates and at least three individual
mice were tested for each genotype. L7 ribosomal pro-
tein was used as an internal control and cDNA levels
were normalized so that L7 expression was approxi-
mately equal in all tested mice. After confirming that the
amplification efficiency was approximately equal for all
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Figure 1. Keratin protein and mRNA levels in pancreata of keratin-overexpressing transgenic mice and in mice recovering from acute pancreatitis. mRNA (A) and
protein (B) levels of normal nontransgenic mice (WT) and mice overexpressing WT mouse K8 (K8), human K18 (K18), and both K8 and K18 (K8/K18) are shown.
A: mRNA was determined by real-time RT-PCR using previously described primers30 to the overexpressed keratins. Expression levels are shown as a ratio to WT
mice for mK8, mK18, and to K18 mice for hK18 (n � 3 mice/genotype), and normalized to ribosomal L7 RNA. B: Equal amounts of total pancreas lysates from
the mice analyzed in A were separated by SDS-PAGE and then immunoblotted with antibodies to the indicated keratins and actin. Three individual mice (nos.
1 to 3) were used for each genotype. C: Keratin protein levels in pancreata of nontransgenic (WT) mice and mice overexpressing mK8 (K8), hK18 (K18), and mK8
and hK18 (K8/K18) were compared to those in nontransgenic mice 2 days after acute pancreatitis injury. The nontransgenic mice were administered 7 hourly
injections of caerulein (50 �g/kg of mouse weight) or of vehicle (saline) followed by isolation of the pancreas 48 hours after the first injection. Equal amounts
of total pancreas lysates were separated by SDS-PAGE then immunoblotted with antibodies to the indicated proteins. Coomassie brilliant blue staining and the
tubulin blot are included to show equal protein loading. Two age- and sex-matched individual mice (nos. 1 and 2) were used for each genotype.

884 Toivola et al
AJP April 2008, Vol. 172, No. 4



genes, the transcript levels relative to L7 were deter-
mined and reported as means.

Results

Effect of K18, K8, or K8/K18 Overexpression on
Overall Pancreatic Keratin Levels

To investigate the role of keratin overexpression on the
exocrine pancreas we studied three heterozygous trans-
genic mouse strains overexpressing: 1) heterozygous
mK8, 2) heterozygous hK18, and 3) mK8 and hK18 by
interbreeding the mK8 and hK18 heterozygous mouse
lines. Keratin mRNA and protein expression in these
three transgenic lines were compared to nontransgenic
FVB/n mice (henceforth called WT mice). At the RNA
level, K18 overexpression had no significant effect on
endogenous mouse K8 and K18 RNA whereas K8 over-
expression led to up-regulation of mK18 RNA (Figure 1A).
The most dramatic effects were seen at the protein level,
whereby K8 overexpression led to a modest increase in
overall K8 and K18 levels that become even more promi-
nent when K8 and K18 were doubly overexpressed (Figure

1B). K8 overexpression increased not only K18 protein but
also the protein expression of the other type-I keratin, K19
(Figure 1B). Such an increase of partner keratins is in line
with the established 1:1 type-I to type-II keratin protein ratio
that is noted in cells and tissues4,39 and the deregulation of
excess keratin subunits40 that also is likely responsible for
the observed effect of K18 overexpression on down-regu-
lating K19 protein (Figure 1B, lanes 7 to 9). In addition, K8
and K8/K18 pancreata manifested induction of K20 (Figure
2, compare panels j and l with i and k), but the induced K20
protein was limited and beyond detection by immunoblot-
ting of total pancreas homogenates (not shown).

Keratin overexpression occurs in the mouse pancreas
on recovery from acute pancreatitis, and in the case of
caerulein-mediated pancreatitis K8/K18 levels peak 2
days after recovery.7,17 To assess the level of transgenic
keratin overexpression compared to a physiological situ-
ation, we compared keratin protein levels in the K8, K18,
and K8/K18 genotypes with WT FVB/n before and 2 days
after caerulein pancreatitis. Notably, K8-overexpressor
mice expressed similar keratin levels to the postpancre-
atitis nontransgenic mice whereas the K8/K18 mice man-
ifested somewhat higher levels (Figure 1C).
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Figure 2. Keratin immunofluorescence staining of control and keratin-overexpressor pancreata. Keratins from WT (a, e, i), K8 (b, f, j), K18 (c, g, k), and K8/K18
(d, h, l) mouse pancreata were visualized by double-immunofluorescence staining using antibodies to K8 (a–d), K19 (e–h), and K20 (i–l) and counterstained
for nuclei (blue). Arrows point to examples of lumens; D, ducts. Scale bars � 20 �m.
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Effect of K8, K18, and K8/K18 Overexpression
on Keratin Filament Organization in the Exocrine
Pancreas

We examined the consequence of keratin overexpression
on keratin filament organization, particularly because previ-
ous work showed that K19 and K20 overexpression in the
context of pancreatic injury results in redistribution of these
keratins from a membrane-proximal apicolateral compart-

ment to a cytoplasmic filamentous distribution.7 All three
transgenic lines (K8, K18, and K8/K18) had a similar overall
pancreatic keratin distribution as visualized by K8 staining
(Figure 2, a–d). Morphologically, the acini in all three strains
were comparable with respect to a defined central lumen
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a b c d
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Figure 3. Keratin phosphorylation is increased in K8 and K8/K18 mice. The level of keratin phosphorylation in WT, K8, K18, and K8/K18 mice was investigated
by immunoblotting (A) as described in Figure 1 and by immunofluorescence staining using Abs to K18 pS33 and K8 pS79 (B and C, respectively). Arrows point
to examples of lumens. In A, three separate mice (nos. 1 to 3) were used per genotype. Scale bars � 20 �m.

Figure 4. Pancreatic histology of WT and keratin-overexpressing mice. Pan-
creata from WT (a), K8 (b), K18 (c), and K8/K18 (d) mice were fixed,
sectioned, and stained with H&E. i, islets. Scale bar � 100 �m.
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Figure 5. Age-related pancreatic atrophy in K8/K18-overexpressing mice.
Pancreata from K8/K18 (A, 10-week-old; B, 2-year-old) mice were stained
with H&E as in Figure 4. Fat vacuoles (F), as seen in the 10-week-old mice
increased to large atrophic areas in the older mice. The number of pancreatic
vacuoles in 10-week-old (C) and 2-year-old (D) overexpressor strains was
determined using sections obtained from three to five mice/genotype and are
shown as the number of total fat vacuoles/mm2 � SD. i, islets. Scale bars: 50
�m (A); 250 �m (B).
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and a basally positioned nucleus in each cell. K8/K18 acini
appeared slightly rounded up with somewhat dilated lu-
mens (Figure 2d). The most dramatic keratin filament orga-
nizational change was in K19 and K20, which assumed a
cytoplasmic short filament and punctuate distribution in K8
and K8/K18 pancreata (Figure 2, e–l), in addition to their
normal membrane-proximal distribution. The cytoplasmic
K19 and K20 staining was patchy, and the changes in K19
were most prominent in acinar cells, with ductal cells man-
ifesting bright intense staining in all of the genotypes (Figure
2, e–h). Taken together, the total level of keratins in the
pancreata we examined was K8/K18 � K8 � K18 � WT.

Keratin Overexpression and Associated Keratin
Phosphorylation Changes in K8 and K8/K18
Pancreata

The function and filament organization of keratins are
regulated by phosphorylation that also serves as a cel-
lular stress marker.41 This led us to assess keratin phos-

phorylation at K18 S33 and K8 S79 in the keratin-overex-
pressing pancreata using phospho-epitope-specific
keratin antibodies (Figure 3). K8 and K8/K18 pancreata
had a marked increase in K18 pS33 (Figure 3A), a site
that regulates keratin/14-3-3 binding.42 No effect on 14-
3-3 isoforms staining or distribution was noted (not
shown). The increase in K18 pS33 phosphorylation (Fig-
ure 3A) paralleled the increase in overall K18 levels (Fig-
ure 1B). The constitutive K18 pS33 phosphorylation in WT
acini localized preferentially in the apicolateral domain,
where the increase in K8 acini was observed (Figure 3B).
However, K8/K18 pancreata manifested extension of K18
S33 phosphorylation into the cytoplasmic filaments (Fig-
ure 3B) that was not seen in the K18 or K8 pancreata. K8
S79 that is phosphorylated during stress, mitosis, and
apoptosis by Jun and p38 kinases41 was minimally phos-
phorylated except in pancreata from double-overexpres-
sor mice (Figure 3, A and C). The increase in K8 S79
phosphorylation was likely related to a stress response
because there was no apparent increase in proliferating
nuclear antigen as tested by immunoblotting (used as a
proliferation marker, not shown) or of caspase-cleaved
K18 or K19 (tested by immunoblotting and immune stain-
ing using a keratin fragment-specific antibody, not shown).
Therefore, keratin overexpression, particularly in the K8/
K18 mice, is accompanied by keratin hyperphosphoryla-
tion at K8 S79 and extension of the K18 pS33 species into
the cytoplasmic compartment.

High Keratin Overexpression Leads to
Pancreatic Atrophy

We examined the effect of keratin overexpression on
pancreatic histopathology using H&E staining. Keratin

Figure 6. Imaging of ZGs in WT and K8/18-
overexpressor pancreata. WT (a, c) and K8/
K18 (b, d) pancreas sections were stained
using toluidine blue (a, b) to visualize ZGs
(z) or were processed for TEM (c, d). In the
TEM images, the ZG appear as rounded
electron-dense structures. In c and d, ar-
rows point to apical lumens, which in WT
pancreata appear filled with dark-staining
material from released zymogens (c) but is
less electron-dense in the K8/K18 pancreas
(d). Scale bars: 15 �m (a, for a and b); 5 �m
(c, for c and d).

Table 1. K8/K18 Overexpressor Pancreata Display Smaller
and More Numerous Zymogen Granules per Cell

WT K8/K18 P value

Number of ZG/
130 (�m2)

43 � 15 86 � 16 0.002

Average ZG
area (�m2)

0.39 � 0.04 0.20 � 0.03 0.00001

Two mice per genotype and a total of five to six acinar
cells/genotype were photographed at �6300 magnification after TEM.
Images were scanned and an area of 13 � 10 �m was analyzed for
the number of zymogen granules (ZG) and for ZG sectional areas
(�m2) as described in the Materials and Methods. Values are given as
averages � SD and P values were determined using the two-tailed
unpaired Student’s t-test.
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overexpression did not cause inflammation, edema, or
other hallmarks of pancreatitis (Figure 4). However, K8
and K8/K18 pancreata (which had the highest keratin
protein levels and the most prominent phosphorylation
changes) manifested increased eosinophilic staining in
their acinar cytoplasm (Figure 4, compare panels b and d
with panels a and c). K8/K18 pancreata also had scattered
vacuoles (Figure 5A) that were rarely if ever seen in the
other genotypes (not shown). As the mice increased in age
(particularly mice older than 18 months), marked atrophic
changes became evident with near complete replacement
of the parenchyma by fatty vacuoles (eg, Figure 5B). This
was supported by quantification of the fat vacuoles in young
(Figure 5C) versus old mice (Figure 5D). No apparent his-
tological changes were seen in the islets. Similar eosino-
philic acini with mild fatty changes was also noted in mice
overexpressing hK8 (not shown), thereby indicating that
these changes are independent of whether mouse or hu-
man K8 are overexpressed. In this regard, the keratin level
in the hK8 overexpressor mice31 was similar or slightly

higher than in the K8 mice overexpressing mK8 (see Sup-
plemental Figure S1 at http://ajp.amjpathol.org).

Effect of K8/K18 Overexpression on Pancreatic
ZGs

The increased eosinophilic morphology of K8/K18 mice
led us to closely compare their ZG morphology to those
of WT pancreata. Pancreas sections stained with tolu-
idine blue and examined by light microscopy or TEM
revealed that K8/K18 pancreata had an increased num-
ber of acinar ZG as compared to WT pancreata (Figure
6). Morphometric quantification from TEM images
showed that K8/K18 pancreata had twice the number of
ZG compared to WT (86 � 16 and 43 � 15 ZG/130 �m2,
respectively; Table 1) but that were half the size of WT ZG
(Table 1). Both the toluidine blue staining and the TEM
images indicated that the ZG in WT mice were located at
the apical lumen of each acinus whereas in the K8/K18
pancreata they were spread evenly throughout the cyto-
plasm (Figure 6). No major differences in the ZG of K8-
null and K19-null pancreata compared to WT mice were
observed (not shown). Detailed EM studies showed that
K8/K18 pancreata had thicker keratin IF bundles around
the apical lumen compared to WT (Figure 7, e and f). In
addition, the IF bundles were rarely seen in perinuclear or
cytoplasmic locations in WT acinar cells but were fre-
quently observed in these areas in K8/K18 acini (Figure
7; b, c, and d). Cytoplasmic IF bundles could also be
seen in close contact with ZG (Figure 7d).

Given the change in the quality and quantity of the ZG
in K8/K18 pancreata, we examined serum amylase and
pancreatic amylase content and distribution in the four
mouse genotypes. Staining for amylase confirmed the
TEM data in that ZG-containing amylase was located
preferentially near the lumen in WT whereas it was more
dispersed within the cytoplasm of K8/K18 acinar cells
(Figure 8A). K8-overexpressor mice, which had interme-
diate keratin levels, also showed an intermediate redis-
tribution of amylase-staining when comparing WT or K18
with K8/K18 pancreata (Figure 8A, compare panels b
and d with panels a and c). Serum amylase levels were
similar in all four genotypes (Figure 8B), consistent with
their primarily normal pancreas histology (Figure 4).
When analyzed biochemically in pancreatic tissues, a
small but significant increase of amylase was noted in
total pancreas homogenates in K8/K18 pancreata (Figure
8C). Collectively, our results show that medium to high-
level keratin overexpression leads to an increase in the
number of ZG concomitant with a decrease in their size
and an alteration in their distribution from apically based
to diffuse cytoplasmic.

Discussion

Differential Protective Roles of Keratins in the
Liver and Pancreas

One major impetus for us to perform the study herein is
the previous observation19 that hK8 overexpression in
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Figure 7. Distribution of ZG-associated keratin bundles in pancreata of
K8/K18 mice. Pancreata from WT (a, e) and K8/K18 (b–d, f) mice were
excised and fixed for subsequent TEM. Perinuclear and cytoplasmic IF
bundles occur frequently in K8/K18-overexpressor (b, c) but rarely in WT
pancreata (a). Keratin IF bundles surrounding the lumen in WT mice (e) are
much more prominent in K8/K18 mice (f). The cytoplasmic IF bundles in
K8/K18 were frequently associated with ZG (d). Z, zymogen granule; L,
lumen (arrows point to keratin bundles); N, nuclei. Scale bars: 3.8 �m (a);
2.7 �m (b); 0.8 �m (c); 0.4 �m (d); 0.9 �m (e); 1.6 �m (f).
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mice leads to chronic pancreatitis with acinar changes
beginning at 2 weeks and adipose conversion starting at
2 to 4 months of age yet no liver injury was observed. This
result was unexpected given that perturbations in kera-
tins, such as their absence or mutation, spare the pan-
creas but have a dramatic effect on the liver particularly
in terms of predisposition to liver injury.9 Potential expla-
nations for this observation include the overexpression of
human rather than mouse K8 (hK8 sequence NP_002264.1
versus mK8 sequence NP_112447.2 have 89.2% sequence
identity) or that K8 overexpression, if at high enough
levels, causes a toxic or gain-of-function effect. Our find-
ings addressed both potential variables and showed that
mouse K8 overexpression resulted in features of chronic
pancreatitis (atrophy) in a manner that depended on the
overall level of keratin expression (Figure 9). Hence, mK8
overexpression that leads to a modest increase in K8/K18
protein promotes mild changes in acinar cell amylase
distribution (Figure 8A), whereas interbreeding mK8 and
hK18 overexpressors leads to a more dramatic increase

in K8/K18 pancreatic protein and prominent changes in
acinar cell ZG (Figures 6 and 7) with ultimate fatty re-
placement of the pancreas in old mice (Figure 5). Nota-
bly, modest overexpression of hK831 using the identical
human K8 transgene construct used by Casanova and
colleagues19 did not cause any histological changes in
the pancreas in mice as old as 6 months. Although we are
unable to compare the keratin expression level in the two
hK8 strains side-by-side, we reason, based on findings of
both studies, that the more severe phenotype in the pan-
creata described by Casanova and colleagues19 are re-
lated to much higher keratin levels than we have in our K8
overexpressors. The similar keratin overexpression in the
hK8- and mK8-overexpressor mice we generated (see
Supplemental Figure S1 at http://ajp.amjpathol.org), cou-
pled with their lack of a significant pancreatic phenotype,
lends support to the conclusion that the previously de-
scribed pancreatic phenotype in the hK8-overexpressing
mice19 is unlikely to be related to the overexpression of
human rather than mouse K8. Therefore, keratin absence
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or mutation is well tolerated after pancreatic, but not liver,
injury, but excessive overexpression is toxic to the pan-
creas but not the liver when enforced under basal con-
ditions (Figure 9).

The reason for the toxic effect of keratin overexpres-
sion is likely to be multifactorial. Pancreatic keratin over-
expression is associated with several keratin-related mo-
lecular events including keratin hyperphosphorylation
and keratin filament reorganization (Figures 2 and 3).
Although keratin phosphorylation and filament reorgani-
zation changes may be secondary rather than primary to
the toxic effects of keratin overexpression, such alter-
ations nonetheless serve as markers of injury for several
IFs in multiple tissues.41 In addition, the preferential toxic
effect of keratin overexpression in the pancreas versus
the liver may be related to the level of keratin induction in
each organ. For example, K8 and K8/K18 pancreata
have relatively higher keratin mRNA and protein levels as
compared to livers of the corresponding mice. In quan-
titative terms, the K8 mRNA fold increase compared to
WT mice is: K8 pancreas, 5.5-fold increase; K8 liver,
3.2-fold increase; K8/K18 pancreas, 6.1-fold increase;
and K8/K18 liver, 2.5-fold increase (Figure 1A30).

In contrast to the liver in which transgenic overexpres-
sion of K8 alone predisposes to spontaneous formation of
Mallory-Denk bodies in older mice and after toxin expo-
sure in young mice,30 we did not observe keratin aggre-
gates in pancreata of the K8 overexpressor mice. This is
despite the higher K8 levels in the pancreas versus the
liver in the K8-overexpressor mice. A higher K8 than K18
ratio is essential for Mallory-Denk body formation in the
liver, in part because of the suitability of K8 as a trans-

glutaminase substrate.43 Keratin aggregates have been
described rarely in patients with pancreatic cancer44,45

but it is not known if such aggregates are similar to
Mallory-Denk bodies in terms of including ubiquitin and
p62 proteins. Interestingly, the liver, brain, and muscle
are the major organs where cytoplasmic IF-containing
inclusions are typically found that likely reflects organ-
selective inclusion-promoting features such as protein
turnover and oxidative exposure.24

Regulation of Type-I Keratins by Type-II Keratins

Another regulatory aspect to our findings is the observa-
tion that type-II keratins have a more profound effect on
modulating type-I keratins than vice versa, both at the
RNA and protein levels. This is based on the observation
that K8 overexpression results in increased K18, K19,
and K20 in the pancreas, whereas K18 overexpression
had no appreciable effect on K8 expression (Figures 1
and 2). Similarly, overexpression of K20 in transgenic
mouse intestine had no significant effect on K8 levels
although it did decrease K19 levels.5 The reason for the
increase in overall keratin protein in K8/K18 mice, as
compared with K8 mice (without a significant change in
K8 mRNA), is the ability of overexpressed K8 and K18
protein to heteropolymerize and stabilize each other and
hence raise the overall keratin protein level. Several pre-
vious studies have demonstrated that expression of a
single keratin alone without its partner leads to rapid
degradation40 likely via ubiquitination.46 In contrast, over-
expression of a given type-I keratin also leads to down-
regulation of other type-I keratin(s) in the same cell as
noted in the hK18 overexpressor mice that show down-
regulation of the endogenous mK18 as well as K19 (Fig-
ure 1B). Similarly, overexpression of the type-I K16
caused decreased levels of type-I K10 in mouse skin,
although K17 was also induced.47 This likely reflects the
competition between excess keratin subunits for limiting
amounts of a compatible complementary subunit.

Keratin Levels Contribute to ZG Organization
and Pancreatic Homeostasis

One of the consequences of keratin overexpression in the
pancreas is a decrease in the size of ZGs but an increase
in their number (Figure 6 and Table 1). Similar but more
profound ZG abnormalities were noted in the previously
described hK8-overexpressor mice that develop severe
atrophy of the pancreas coupled with dwarfism, fibrosis,
and inflammation.19 The ZG findings in our keratin-over-
expressing pancreata may be related to a limited secre-
tion block. Interestingly, a similar increase in ZG was
observed in VAMP8/endobrevin-null mice48 and syncol-
lin-null mice.49 Syncollin is a small protein that interacts
with GP-2 on the ZG and is required for efficient ZG
exocytosis,50 whereas VAMP8 is a major v-SNARE for the
exocrine system.48 The syncollin-null mice have an exo-
crine pancreatic secretory defect, because delivery of
newly synthesized protein to ZG was delayed,49 whereas
GP-2-null mice were not reported to have a ZG defect.51
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Figure 9. Comparison of the effect of keratin overexpression or mutation in
the pancreas and liver. The schematic contrasts the effect of mutant/absent,
normal (basal), and forced keratin expression with the effects of such ex-
pression on pancreatic and liver injury. Keratin mutation or absence (sche-
matic, left) is well tolerated in the pancreas but predisposes to significant
injury in the liver.9 As would be expected, normal keratin expression does
not lead to pancreas/liver injury (schematic, middle). In contrast, forced
K8/K18 expression as we observed in the graded keratin overexpression in
the K8 and K8/K18 transgenic mice promotes progressive parallel injury in
the pancreas without having a clearly discernible effect in the liver (sche-
matic, right). The most severe form of pancreatic injury is reflected by the
likely overwhelming pancreatic keratin overexpression reported by
Casanova and colleagues.19
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It would be relevant to determine in future studies
whether keratin levels are elevated in patients with the
various entities that are associated with chronic pancre-
atitis such as alcohol-related injury or genetic mutations
related to trypsinogen activation or the cystic fibrosis
conductance regulator.52 Notably, K8/K18 levels in-
crease approximately threefold during mouse experi-
mental acute pancreatitis23 but whether this also occurs
in humans is unknown. These pancreatitis-associated in-
creases are similar to what is observed in the keratin-
overexpression mouse models described herein (Figure
1C), which renders these mice useful models to study the
significance of keratin overexpression after pancreatic
injury.
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