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Summary

Keratin polypeptides 8 and 18 (K8/K18) are the major after CDD discontinuation, and returns to basal levels after
intermediate filament proteins of pancreatic acinar cells 10 days. K19/K20-containing cytoplasmic filaments are
and hepatocytes. Pancreatic keratin function is unknown, nearly absent pre-injury but form post-injury then return
whereas hepatocyte keratins protect from mechanical and to their original membrane-proximal distribution after 10
non-mechanical forms of stress. We characterized steady- days. By contrast, generalized stresses of heat or water-
state pancreatic keratin expression in Balb/c mice after immersion stress do not alter keratin expression levels.
caerulein and choline-deficient ethionine-supplemented Caerulein-induced Kkeratin overexpression is associated
diet (CDD), or on exposure to the generalized stresses of with NF-kB activation when tested using ex vivo acinar cell
heat and water immersion. Keratins were studied at the cultures. In conclusion, keratins are abundant proteins that
protein, RNA and organizational levels. Isolated acini were can behave as stress proteins in response to tissue-specific
used to study the role of nuclear factor (NFxB using  but not generalized forms of injury. Pancreatic keratin
selective inhibitors. Keratins were found to be abundant overexpression is associated with NkB activation and
proteins making up 0.2%, 0.3% and 0.5% of the total may serve unique functions in acinar or ductal cell response
cellular protein of pancreas, liver and small intestine, to injury.

respectively. Caerulein and CDD caused a threefold

transcription-mediated overall increase in K8/K18/K19/

K20 proteins. Keratin overexpression begins on tissue Key words: Pancreatitis, Keratins, Heat stress, Caerulein,
recovery, peaks 2 days after caerulein injection, or 1 day Intermediate filaments, Choline-deficient diet, Water immersion

Introduction Although the predicted multiple functions of keratins remain

Keratins are the largest subgroup of intermediate filaments (It9 be fully elucidated, an important well-defined function they
proteins (Coulombe and Omary, 2002; Moll et al., 1982). Theyerve is to protect epithelial cells from mechanical and
are expressed in an epithelial cell-specific fashion and includ@on-mechanical forms of injury (Coulombe and Omary,
keratins 9-20 (K9-K20, type 1) and keratins 1-8 (K1-K8, type2002; Fuchs and Cleveland, 1998). This function is well-
I1). Given the obligate heteropolymeric nature of keratins, alpubstantiated in the skin, hair, eye and liver on the basis of
epithelial cells express at least one type | and one type Il keratii¢ratin mutation phenotypes in keratin-related diseases that
in an overall 1:1 stoichiometry. For example, mousdarget these organs or appendages, and is also supported by
hepatocytes express K8 and K18, exclusively, in a 1:1 mol&everal keratin-related animal models (Irvine and Mclean,
ratio, whereas mouse pancreatic acinar cells expred$999; Magin et al., 2000). However, this function is not
K8/K18/K19 such that K8=K18+K19 at the protein level. universal in that mouse pancreas injury does not appear to be
Keratins are among the most abundant cytoskeletal proteins, m@dulated by keratin absence or by a keratin mutation that
reported in the skin and in one cultured cell line. For examplalisrupts acinar cell cytoplasmic filaments (Toivola et al.,
keratins make up ~30% of the total cellular protein in2000a; Toivola et al., 2000b). This is based on findings in
keratinocytes (Sun et al., 1979), whereas 5% of the celluldhe mouse injury models of caerulein-induced edematous
protein in cultured human colonic HT29 tumor cells consistpancreatitis (Jensen et al., 1980) or feeding with a choline
of K8/K18 (Chou et al., 1993). The role of keratins in severatleficient ethionine-supplemented diet (CDD), which induces
human liver, skin, hair, ocular and oral diseases is welhemorrhagic necrotizing and age-dependent lethal pancreatitis
established (Coulombe and Omary, 2002; Irvine and Mclearf.ombardi et al., 1975).

1999). The mechanism whereby keratins protect hepatocytes from
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liver injury may involve protection from transmittal of Histo-tec Laboratory; Hayward, CA). Immunofluorescence staining
apoptotic stimuli when keratins are present or not mutatedas as described previously (Toivola et al., 2000a) and images were
(Caulin et al., 2000; Gilbert et al., 2001; Ku et al., 2003), th&nalyzed using confocal microscopy.

stress-associated hyperphosphorylation of keratins (Coulombe

and Omary, 2002; Ku et al., 1998), or possibly stress-induce

OV(ﬁL(Iaxg(rjess_lo'n of k((ejraltlnsc ads. nottedl '”20”38955 “Il/ert aln ispersed mouse pancreatic acini were prepared using collagenase
galibla 'er injury models (Cadrin et al., ,» Denk € a,' \Worthington; Lakewood, NJ) digestion (Menozzi et al., 1990; Toivola
2000; Fickert et al., 2002; Tao et al., 2003). Overexpressiok 5. 2000a). Acini were suspended in 24.5 mM HEPES buffer (pH
of keratins in response to liver or gallbladder injury suggests.4) containing 100 mM NaCl, 6 mM KCI, 1.2 mM MgCD.5 mM

that these proteins may behave as stress proteins, similardacp, 14 mM glucose and 1% bovine serum albumin (BSA). Acini
heat stress proteins (hsp), which is supported by the knowere plated in tissue culture flasks then placed in a pre-warmki) (37
physical and ATP-dependent association of hsp70 witkealed flask holder purged with 100% i@ a humidified incubator
K8/K18 (Liao et al., 1995). With regard to hsp expression an(87°C). For the time-course experiments, acini were incubated in
the pancreas, whole-body hyperthermia or water immersiopyifer alone or were stimulated with QM caerulein for 1-4 hours
induced hsp70 or hsp60 expression, respectively, ar{ahetaranta et al., 2001a). Alternatively, acini were preincubated (30

. _— . . inutes) with 0, 10, 25 and 3M of the proteasome inhibitor MG-
protected against pancreatic tissue injury in both edemato 32 (Calbiochem; San Diego, CA); or with 10, 25450 of the KB-

and necrotizing pancreatitis models (Beckmann et al., 199245 "™ N L S
L Ny ! oiquitin - ligase inhibitor pyrrolidine dithiocarbamate (PDTC)
Bhagat et al., 2000; Grise et al., 2000; Hietaranta et al., 2001, igma) or 0.5 or Zig/ml actinomycin D (Act-D, Sigma) followed

Wagner et al., 1996). The protective mechanism of hsp70/6§), the addition of 0.1M caerulein. Acini were collected and washed
induction is poorly understood, but it may be related tawice with PBS, then processed for nuclear or total protein extraction
preventing intracellular trypsinogen activation (Beckmannand RNA isolation.

et al., 1992; Lee et al., 2000). As a first step towards
understanding keratin function in the pancreas, w . . e o
investigated three aspects: keratin quantitative levels in t eroteln extraction and quantification of keratins in tissues

pancreas, liver and small intestine; keratin expression in thEPt@! tissue lysates were prepared by homogenization in Laemmli
pancreas, on exposure to gene,ral (.e. heat and wat rilmple buffer, and enriched keratin fractions were prepared by high

! . o - . alt extraction (HSE) as described previously (Toivola et al., 2000a).
immersion) and pancr_eas-speuflc sf[resses ("_6' Caeruleln_ al tissue lysates or high salt extracts were analyzed by SDS-PAGE
CDD); and mechanisms underlying keratin expressiofhen stained with Coomassie blue, or were transferred to
alterations in pancreatic acinar cells on injury. polyvinylidene difluoride membranes for western blotting and
visualization of specific immunoblotted proteins using enhanced
. chemiluminescence. Measurement of keratins in tissues was done as
Ma_‘te”als ar\d MethOdS follows. Two pieces of each organ were weighed then one was used
Animals, antibodies and stress models to generate a total tissue homogenate and the second to prepare a HSE
Balb/c mice aged 4 to 8 months were utilized. The antibodies (Ab)f keratins. The HSE method provides nearly 95% recovery of the
used were: rat anti-mouse (m) K8 (Troma I, Developmental Studiek8/K18/K19 keratin pool (Chou et al., 1993). The micrograms of K8,
Hybridoma Bank, University of lowa, lowa City, IA); rat anti-mK19 K18 and K19 in the HSE were calculated as compared with serial
(Troma 1) (Boller et al., 1987); rabbit anti-human/mouse K8/18 (Abdilutions of a BSA standard separated on the same gel; this was
8592); rabbit anti-human/mouse K18 (Ab 4668); antibodies thafollowed by Coomassie blue staining then densitometry scanning. The
recognize K20 (K20.8), actin, tubulin and Hsp60/70/90 (NeoMarkerspercent of keratin protein was calculatedyg [of K8+K18+K19
Fremont, CA). Four experimental mouse models that cause pancregsoteinfig of tissue protein]x 100, after using keratin-specific
specific or general stress were utilized. (1) Caerulein-inducedntibodies to blot serial dilutions of total tissue homogenates and HSE
pancreatitis: age- and sex-matched mice were fasted from solid fodat are analyzed on the same gel (e.g. Fig. 1B). The peak fold-
for 12-16 hours (but allowed water ad libitum) then received seveimcrease in keratin expression was determined using two independent
hourly intraperitoneal (ip) injections of saline (control group) ormethods: (1) HSE of pancreata isolated from mice injected with saline
50 pg/kg caerulein (Research Plus; Bayonne, NJ). (2) Cholinedr caerulein, separation of the extracts by SDS-PAGE, Coomassie
methionine-deficient diet supplemented with ethionine (CDD)staining then densitometric scanning (after normalization based on the
induced pancreatitis: female mice weighing 14-19 g (typically ~3-4orotein content of the lysate obtained after the first step of the HSE
weeks old) were fasted as above then fed CDD (Harlan Teklaanethod) (Chou et al., 1993(2) Blotting of total pancreas lysates
Madison WI) supplemented with 0.5% DL-ethionine (Sigma; Stisolated from saline or caerulein-treated mice, with inclusion in the
Louis, MO) or normal chow (control group) for 3 days, then switchedsame gel of serial dilutions of caerulein-treated lysates (which have
to normal diet for 1, 2, 3, 5 or 7 days. (3) Hyperthermia stress: micecreased keratin expression) then quantification by densitometric
were placed on a warming blanket with a heating lamp 45 cm aboweanning.
their cages. Body temperature (monitored rectally every 2 minutes)
gradually increased to 42 and was maintained at 42 for 20 o ] o
minutes (Metzler et al., 1999). (4) Water-immersion stress: mice wer@ualitative and real-time reverse transcription (RT)-PCR
placed in a mouse warming restrainer (Kent Scientific CorpTotal RNA was isolated from pancreatic tissue and acini using
Torrington, CT) then immersed vertically to neck level in a water battan RNeasy midi kit (Qiagen; Chatsworth, CA) and quantified
(23°C, 3-12 hours) (Lee et al., 2000). After each stress, animals wespectrophotometrically. First strand cDNA was synthesized using
euthanized using COnhalation, after which pancreata were rapidly random primers and SuperScript Il reverse transcriptase (Invitrogen;
removed and divided into 3-4 pieces. Individual pancreas fragmentarlsbad, CA). cDNA products were amplified using mouse-specific
were immediately fixed in 10% formalin, embedded in optimumintron-spanning primers (Table 1), and amplified products were
cutting temperature compound (Miles; Elkhart, IN) or snap-frozen iranalyzed using 1% agarose gels. Real-time quantitative PCR was
liquid N2 for subsequent protein and RNA analysis. Fixed tissues wengerformed using an ABI Prism 7900 Sequence Detection System (PE
sectioned then stained using hematoxylin and eosin (performed IBiosystems, Foster City, CA) as recommended by the manufacturer

olation and culture of acini



Table 1. Sequences of primers used for RT-PCR and Real time PCR

Keratin expression dynamics in the pancreas

Sense primers Antisense primers Product
(5'to 3) (5t03) size (bp)

RT-PCR

K8 TGCAGAACATGAGCATTC CAGAGGATTAGGGCTGAT 342

K18 GACGCTGAGACCACACT TCCATCTGTGCCTTGTAT 119

K19 GTTCAGTACGCATTGGGTCA CTGAAGTCATCTGCAGCCAG 440

K20 CAACAATGTCAACGTGGAGG GCGTTCTGTGTCACTCCTGA 385

B-Actin TAAGATCATTGCTCCCCCTG TGCTCACAGAGATCCACCAG 484
Nested PCR

K20 CCCAGAAGAACCTGCAAGAG ACGAGCCTTGACGTCCTCTA 210
Real time PCR

K8 GGACATCGAGATCACCACCT TGAAGCCAGGGCTAGTGAGT 155

K18 ATTGCCAGCTCTGGATTGAC GTCTCAGCGTCCCTGATTTC 200

K19 CGGTGGAAGTTTTAGTGGGA AGTAGGAGGCGAGACGATCA 101

L7 AAAGGCAAGGAGGAAGCTCATCT AATCTCAGTGCGGTACATCTGCCT 80

(using the primers in Table 1) (Lu et al., 2001). Primers to the Lpolyacrylamide gels and a Phospholmager™ (Amersham Biosciences

ribosomal protein were used as an internal control referenc&€orp; Piscataway, NJ). Specific binding was determined by adding

Following total RNA isolation, samples were amplified by PCR usingg 100-fold molar excess of the unlabeled ®B-- binding

the following cycling parameters: 95°C for 10 minutes; 95°C, 15oligonucleotide to the reaction mixture.

seconds to 60°C for 1 minute, 40 cycles. Each sample was analyzed

three times, each in triplicate, and every experiment was performed

at least twice. After confirming that the amplification efficiency of theResults

gene of interest and L7 were approximately equal, the amount of tl . . . .

transcripts for the specific gene relative to the L7 transcript wat]s/,ger""t'.n expression levels in mouse pancreas, liver and

determined. Relative RNA expression is reported as mesah., and Intestine

experimental data from different groups were compared by analys\d/e quantified the total simple epithelial keratin protein content

of variance (ANOVA). in the pancreas, liver and intestine. Such determinations have

not been done in simple epithelial organs, although K8/K18/

K19 are known to make up ~5% of the total cellular protein in
cultured human colonic HT29 cells (Chou et al., 1993). In

assay (EMSA)

Nuclear protein extraction was carried out as previously describq@ouse digestive organs, the major keratins are K8/K18 in the
(Steinle et al., 1999). The binding reaction (Chen et al., 2002) wa er (K8=K18), K8/K18/K19 in the pancreas (K8>K3&K19)

initiated by mixing 10,000 cpm of the-f2P] ATP-labeled NF«B an.d K8/K18/K19/K20. in the _mtestlne (K.8>K1>9<18.=K20)
blndlng oligonucleotide'5AGCTTGGGGACTTTCOACTAGTACG- (Flg lA) The keratin proteln content in these tissues was
3" with 10 pg of nuclear extract, fg poly (dI-dC) in binding buffer determined and found to range between 0.2 to 0.5% of the total
containing 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 4% glycerol tissue protein content (Fig. 1B,C; see Materials and Methods
(30 minutes, 4C). Samples were analyzed using 5% nondenaturindor experimental details).

Nuclear protein extraction and electrophoretic mobility shift

A. B. C.
HSE Total lysate (ug) HSE (ug x 107?) Organ Keratin content
M ] T 1
I ! & 10 20 30 1.25 25 5 10 30 Liver 0.2
= oe »
<& 9“"(@ ‘@b é : — e e K8 Pancreas 0.3
WV {? ¢ 3 = K18
: a L Small intestine 0.5
) ; =r (%o of total tissue protein)
: 8;:._— o3 - - ——_——
— KI8 =
c — =
(3 “L_ gg E — - - -_— -‘ K18
-

Fig. 1.Keratin content in mouse pancreas, liver and small intestine. (A) Liver, pancreas and small intestine were removed fraioeBalb/c
and an enriched keratin fraction was obtained using high salt extraction (HSE) as described in Materials and MethodgeiRrstpasated
by SDS-PAGE, followed by Coomassie blue staining. Assignment of individual keratins was confirmed by two-dimensional gehiaghalysi
immunoblotting using keratin-specific antibodies (not shown) (Zhou et al., 2003). (B) The indicated amaqg)tsf(serially diluted protein
represent pancreatic keratins isolated by HSE or total pancreas lysates separated by SDS-PAGE. Resolved proteins widog visualize
Coomassie staining or were analyzed by immunoblotting using keratin-specific antibodies. Similar analysis was done fieoletetiffom
Balb/c mouse liver and distal ileum (not shown). (C) A summary of percent keratin protein contents in mouse liver, parmrnedisiaiedtine
(determined as described in Materials and Methods).
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Keratin expression and dynamics in response to indicated that the peak of keratin expression is 2 days after
caerulein-induced pancreatitis the initiation of caerulein injections (not shown). The 2-day
We investigated pancreatic keratin expression and dynamics K8/K18/K19 peak expression is threefold more than basal
response to acute pancreatitis that is induced by caerulein —legratin expression levels (Fig. 2C), as determined after
established rodent pancreatitis model (Grise et al., 200@oomassie blue staining (Fig. 2C) or by immunoblotting (not
Jensen et al., 1980; Metzler et al., 1999; Wagner et al., 19968hown, but see Materials and Methods). The increases in
In this model, vacuoles, edema, cell death and infiltratingteratin proteins probably reflect transcriptional upregulation
inflammatory cells are observed, with peak pancreas damager mRNA stabilization), given that K8/K18/K19 mRNA levels
noted after 6 hours and gradual near complete histolog&so increase significantly after caerulein treatment, while actin
recovery 2 days after the first of seven hourly caeruleimRNA levels appear unchanged (Fig. 2D; see also Fig. 6B for
injections (Fig. 2A). Qualitative analysis of keratin expressiongx vivo experiments). Notably, K20, a hitherto-undescribed
followed over a time-course, showed that K8/K18/K19keratin in mouse acinar cell pancreas is also induced at the
expression peaks 2 days after initiation of the injections, whilprotein and RNA levels after caerulein-induced pancreatitis
actin levels remain minimally altered (Fig. 2B). A more refined(Fig. 2E). Both K19 and K20 form extended cytoplasmic
time-course (2, 3, 4 and 5 days after caerulein injectiond)laments in association with their overexpression, which revert

C 1h 12Zh  24h 48h  120h 240h

Actin e —

el —

HSDTH e o o oo o e e e e s s e

Immunoblot

3 17 3 — ——

C Total lysate HSE
. I 1T 1

Saline 48h  Caerulein 48h Saline 48h Caerulein 48h
[ 1 1| |I ) 1 [I 2 1 T . 2 1
— K8

==

w—TK19

Coomassie

E Pancreas
* f 1

Saline 48h Caerulein 48h SI

I R | 1
MI M2 MI M2 M3 M1
RT-PCR 385 bp

Nested POR [ e ] 210 b

i 484 by
s === ; Immunoblot W Ve s
2 3 4

5 6 7

Fig. 2. Histologic, K8/K18/K19/K20 protein and mRNA analysis in caerulein-induced pancreatitis. (A) Mice were injected with ca&ulein (
pa/kg, ip) seven times at hourly intervals, and euthanized at different time points (1-240 hours), after which pancreagd there stained
with hematoxylin and eosin. All time-points are given as hour after the first injection, and control mice were euthanizedadi@heehicle-
alone administration (7 saline injections). a=control; b=6 hours after injection of caeruleinidy; c=48 hours after injection of caeruelin 7
hourly; and d=240 hours after injection of caeruekrh@urly. (B) After caerulein injections (see Materials and Methods) pancreata were
collected at the indicated time-points (two mice (1, 2) per time-point) then homogenized. Protein homogenates were s&RERAGE
(20 ug/lane) then blotted using antibodies to the indicated antigens. Control mice ‘C’ were euthanized 48 hours after sengttatiae i
(C) HSE or pancreatic tissue homogenates were prepared from mice injected with caerulein or saline (48 hours, two migeidmadition
amount of keratin isolated by HSE was normalized to the content of the detergent-soluble supernatant protein that wadugametiasefirst
step of the HSE procedure (see Materials and Methods), then analyzed by SDS-PAGE and densitometric scanning (to quantifgéoiial-i
keratins upon caerulein exposure). (D) Total RNA was isolated from pancreata 48 hours after caerulein or saline injectaan({ido viR)
per condition) followed by RT-PCR amplification of actin or the indicated keratin cDNAs. (E) Total pancreas RNA was isdlated dBer
saline (2 mice) or caerulein (3 mice) treatment, or from the small intestine (SI, used as a control for K20 expressionat8&\hl). The
RNA was reverse transcribed using K20 primers (upper panel), followed by nested PCR using internal K20 primers (midHi8 pdirwet).
the indicated tissues were also obtained and blotted using K20-specific Ab (lower panel). No sample was loaded in lan®&apardee
the small intestinal control from the remaining samples.



back to their baseline membrane-proxi
apicolateral distribution 10 days after inji

(Fig. 3).

Keratin expression and dynamics in
response to CDD-induced pancreatitis

We tested the effect of the CDD pancres
model on Kkeratin protein levels &
dynamics. Three days of CDD feed
caused extensive pancreatic dan
including inflammation, massive necro:
hemorrhage and edema (Fig. 4A; compe
and b) in association with significant prot
degradation (Fig. 4B, see profile of 3 i
time-point (3d)). Tissue recovery is rapid i
is clearly evident 1 day after discontinuai
of CDD feeding (Fig. 4Ac); it is near
complete 7 days after discontinuation of
CDD (Fig. 4A,d). As in the caerulein moc
keratin overexpression is also noted

peaks 1-2 days after discontinuation of C
feeding (i.e. days 4 and 5 after initiat
feeding, Fig. 4B). Keratin levels revert
baseline 7 days after cessation of C
feeding (Fig. 4B, 10d). K8/K18/K19/K:
overexpression also occurs at the mF
level and is associated with extens
K19/K20 cytoplasmic filament formatic
(not shown), similar to what was observe:
the caerulein model (Figs 2, 3). CDD feec
had no significant effect on heat sti
hsp60/70/90 protein expression, except
the degradation that occured on day 3 (
4B).

Pancreatic keratin expression in response to the
generalized stresses of hyperthermia and water

immersion

Keratin expression dynamics in the pancreas 1713

48 h 240 h

Control

K8/K18

K19

K20

Fig. 3.Keratin filament dynamics after caerulein-induced pancreatitis. Pancreata from
control (saline-injected) and caerulein-injected (48 hours and 240 days) mice were
processed for immunofluorescence staining with antibodies to K8/K18 (a-c), K19 (d-f)
and K20 (g-i). Bar, 2Qum.

water-immersion regulation of hsp70 and hsp60 expression,
respectively, appears to be similar in rat, and mouse in the case
of hsp70 but not hsp60. Pancreatic K8/K18/K19 expression is
induced in response to tissue-specific pancreatic stress but not
in response to generalized forms of stress such as heat or water
immersion.

The heat stress proteins hsp60 and hsp70 are expressed in

mouse pancreas (Schafer and Williams, 2000). Hyperthermia ) _ o

or water immersion induces hsp70 or hsp60 expressioffole of NF-kB in keratin overexpression in response to
respectively, in rat pancreata, and pre-induction of these streggerulein-induced pancreatitis

proteins protects from caerulein-induced pancreatic injuryVe investigated the mechanism of keratin overexpression
(Bhagat et al., 2000; Hietaranta et al., 2001b; Lee et al., 20001 response to caerulein-induced pancreatitis. For this, we
Wagner et al., 1996). Given the known association of K8/K18cused on NKB, given its known important role in
with hsp70 (Liao et al., 1995) and the increase in K8/K18/K19%egulating gene expression during inflammation (Grisham,
protein levels in response to pancreatic injury, we asked £999) and its reported activation in the pancreas in response
generalized stress, such as thermal or water-immersido caerulein-induced injury (Frossard et al., 2001; Hietaranta
stress, can affect keratin expression. As shown in Fig. 5Aet al., 2001b; Steinle et al., 1999; Tando et al., 1999; Wagner
hyperthermic stress induced pancreatic hsp70 expressiost, al., 1996). We carried out our analysis using ex vivo
beginning 3 hours after the hyperthermic exposure, butultured pancreatic acini. First, we assessed peakBNF-

no effect was noted

in K8/K18/K19 expression.

Theactivation in our experimental conditions on exposure of acini

hyperthermia-associated increase in hsp70 expression did riot caerulein. As shown in Fig. 6A, peak KB- activation

alter hsp60 or hsp90 levels, as expected (Fig. 5A). Similarhgccured after 2 hours of exposure to @M caerulein (lanes
water immersion had no effect on keratin protein levels whef-6), and this activation is inhibited in the presence of the NF-
analyzed up to 12 hours (Fig. 5B) or up to 96 hours after theB inhibitor MG-132 (a proteasome inhibitor (Jensen et al.,
water immersion (not shown). Notably, and in contrast to rat$995)) in a dose-dependent fashion (lanes 7-12). Second, we
(Lee et al., 2000; Otaka et al., 1994), Balb/c mouse hsp60 showed, using real-time RT-PCR amplification, that K8/K18/
not induced after water immersion stress. Therefore, heat atd9 mRNA levels do indeed increase (1.5-2 féte0.01) in
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C 3d 4d 5d 8d 10d

1 2 2 1 2 1 2 1 21 2
Ks Wwwe o QU ——

K18 | —— ——

K1Y 0 - ———
Hsp6i) - o t—

HSPTD — — R —— ——— — —

Hsp9) % & - -

Fig. 4. Keratin expression on CDD-induced pancreatitis. (A) Mice were fed a CDD for 3 days, followed by harvesting of pancreat®from CD
fed or from normal-diet-fed mice at various time-points then fixing and staining with hematoxylin and eosin. a=conted diaystof CDD
feeding; c=3 days of CDD feeding then 1 day or normal diet; d=3 days of CDD feeding then 7 days or normal diet. (B) Parcisztiede

from control-diet-fed (C) or CDD-fed mice. Feeding was done for 3 days followed by switching to a normal diet for 1 dayai}58), 5

days (8d) or 7 days (10d). Pancreas fragments were solubilized in sample buffer, then equal amounts of pigptaimej20ere analyzed (two
separate mice/time-point) by blotting with antibodies to the indicated proteins.

response to caerulein (Fig. 6B), thereby mimicking theDiscussion

overexpression of these keratins observed in vivo (Fig. 2)The important findings of our study are: first, quantification of
Notably, caerulein-mediated K8/K18/K19 mRNA induction the keratin content in mouse pancreas, liver and small intestine
was blocked by 1 hour pretreatment of the cultured acini witlfFig. 1); second, keratin expression is induced nearly threefold
MG-132 (P<0.01, Fig. 6B), while MG-132 alone had no in response to two independent pancreas injury models (Figs
significant effect on keratin mMRNA levels (Fig. 6B). Similar 2, 4), reminiscent of a stress-protein response. This induction
results were obtained on pretreatment with the kBF- is dramatic, given how abundant the keratins are to begin with,
inhibitor PDTC (Fig. 7A). PDTC inhibits NkB by and does notinvolve other major cytoskeletal elements such as
inhibiting the kB-ubiquitin ligase activity (Hayakawa et al., actin microfilaments and tubulin microtubules. Keratin
2003). The caerulein-mediated increase in keratin mRNA igduction occurs, at least in part, via increased transcription of
likely to be related, at least in part, to an increase ikeratin mRNA (Fig. 7B); third, K20 is expressed in the
transcription, as pretreatment with actinomycin D (Fig. 7B)pancreas at low levels (in a membrane-proximal distribution)
blocked the observed increase. Taken together, these resuitd is reversibly overexpressed after pancreatic injury with the
indicate that caerulein-induced overexpression of K8/K18formation of new extended cytoplasmic filaments similar to
K19 is mediated by increased transcription and translation ekose that include K19 (Figs 2, 3); fourth, generalized forms
vivo, and thereby probably in vivo, in association with NF-of stress, such as heat and water immersion, do not induce
KB activation. keratin overexpression (Fig. 5); and fifth, pancreatic keratin

Fig. 5.Keratin expression after hyperthermi A. Heat stress
and water-immersion stresses. (A) Mouse

body temperature was increased t6@&2and

maintained at this temperature for 20 minu C 3h 6h 9h  12h
Mice were then returned to their normal T c I,ﬂﬂ 3 1 L ”ﬂu 48“, I 1 1 I I 1
environment and allowed to maintain their t2r2r 221212 1 21 2.1 2..1.2..1.2

B. Water immersion

Hsp6l e pa— —
usual activity and food/water intake. Pancre HSPOD s e e e e s e s e e e
were harvested from control non-heat expc (15| [ —————— Hsp70 —
mice (C) or from the heat-stressed mice 0, Hsp90 g s o e

6, 24 and 48 hours after the heat exposure HspYl) e on «n an oo a5 o o o= - -
Two mice were used for each condition.

_ : K8 KS s——
Pancreatic total tissue homogenates were m
prepared and immunoblotted with antibodie K18 i b - Gis S-aptear K1Y ——

to the indicated antigens. (B) Mice were

immersed in a water bath (Z3) for 6 hours K9 &amaaes aeamas N
as described in Materials and Methods, then

returned to their cages and allowed to maintain their usual activity and food/water intake. Pancreata were harvested\fram-eatar-
immersed mice (C) or from the water-immersed mice 3, 6, 9 and 12 hours after removal from the water immersion. Total prateireatic
extracts were prepared then analyzed by blotting as in A. Two mice were used for each condition.
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A. EMSA

Caerulein (2h): -
Caerulein(h): 0 1 2 3 2 MG-132 (uM):
a8

NF-x B
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NF-x B
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L,
¥
1

Fig. 6. NF-kB activity and keratin mRNA expression after ex
vivo treatment of isolated acini with caerulein +/-MG-132.

(A) Lanes 1-6: freshly isolated mouse pancreatic acini were
treated with caerulein for 1-4 hours (€} followed by nuclear
+ probe + probe protein extraction and electrophoretic mobility shift assay

(EMSA) as described in Materials and Methods. Binding in the
presence of excess unlabeled kKB-binding oligonucleotide

B. Real time RT-PCR (+probe, lane 6) is included as a specificity control. Lanes 7-12:

2 hours (xMG-132 for 1 hour before the caerulein incubation)

6. (B) Pancreatic acini were incubated with caerulein|{®14
hours) with or without pretreatment with MG-132 (&d, 1
hour). Total RNA was isolated followed by real-time RT-PCR
analysis of K8, K18 and K19 mRNA as described in Materials

Relative expression

Caerulein: - - + + - -+ o+ - - o+ o+ )
MG-132: + + N N + + to expression of the L7 gene (not shown). Results represent the
UL T T - meanzs.d. of three independent experimerms0*01 vs.
K8 K18 K19 control; **P<0.01 vs. caerulein.

acini were incubated in the presence or absence of caerulein for

followed by nuclear protein extraction and EMSA as in lanes 1-

and Methods. Expression of each keratin mRNA was normalized

overexpression in response to injury is associated with, and jgoteins and other resident nonepithelial cells. However, the
probably related to, NkB activation (Figs 6 and 7). estimates are unlikely to be higher than the 5% that we
measured for K8/K18 in the cultured human colonic cell line

) ) o HT29 (Chou et al., 1993). One important finding in this study
Keratins are abundant and dynamic proteins in simple is the reversible threefold increase in keratin expression in
epithelia response to injury, which is remarkable given the high basal
Our results show that keratins make up 0.2%, 0.3% and 0.5keratin expression level. The return of keratin protein from

of the total protein content of mouse liver
pancreas and small intestine, respectir A,
Given that keratins are selective marl

of epithelial cells, it is likely the
K8/K18/K19 expression in epithelial ce

of these tissues is somewhat higher

our estimates because our quantifice

does not take into account extracell

Relative expression

Caerulein: - + + + + - + + + + -+ + + +

- - - - PDTC (uM): - - 10 25 50 - - 10 25 50 - - 10 25 50
Fig. 7.Ex vivo acinar keratin mRNA L I | |

expression after pretreatment with PDTC or K8 K18 K19
Act-D. Isolated acini were incubated with
mediumzcaerulein. The acini that were B. 3
stimulated with caerulein were pre-incubated
with 10, 25 or 5uM of PDTC (A) or 0.5 or 2
pg/ml of Act-D (B) for 30 minutes followed
by adding caerulein for 4 hours. The acinar
cultures in B that did not include Act-D also
included 0.1% DMSO (the solvent used for
Act-D). Acini were then harvested and
washed twice with PBS, followed by 0
processing for real-time RT-PCR. L7 was used Caerulein: -+ +
as internal control. The results represent Act-D (ng/ml): -
meanzs.d. of three independent experiments. DMSO: + + +
*P<0.01 vs. control; *P<0.01 vs. caerulein K8 K18 K19
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post-injury to pre-injury levels suggests that ex
keratin protein is likely to turn over by activation c
degradation pathway, as basal keratin turnover is sl
noted in cultured mouse hepatocytes and human c«
HT29 cells (Chou et al., 1992; Denk et al., 1987). ¢
degradation may be mediated by ubiquitination ant
proteasome as shown for K8/K18 in HT29 cells anc
transfection systems (Ku and Omary, 2000).

Another potentially important aspect of ker:
response to injury is the dramatic change in K19/I
containing filament organization. As such, K19 and
protein levels increase commensurate with the form
of K19/K20-containing extended cytoplasmic filame
which are normally located nearly exclusively in a bi
like fashion at apico-lateral membrane proxi
domains. These newly formed K19/K20-contair
filaments colocalize with the normally resident K
containing cytoplasmic filaments. Additional studies
help to clarify whether the newly formed K19/K:
containing filaments exhibit a cytoplasmic localiza
simply as part of de novo synthesis that is follo
ultimately by degradation or transport to their typ
plasma membrane-proximal localization.

Do keratins behave as stress proteins?

The induction of keratin overexpression in respon:
stress is highly reminiscent of the classic heat ¢
protein response to injury. Support for an essential
of keratins in protection from mechanical and r
mechanical forms of stress is found in tissues where
tissue-associated diseases are caused by, or predi
to, keratin mutations (Coulombe and Omary, 2
Fuchs and Cleveland, 1998; Irvine and Mclean, 1¢
and in a variety of well-studied animal models that e
lack or overexpress a mutant keratin (Coulombe
Omary, 2002; Magin et al., 2000). The disease-re
tissues that are associated with keratin mutations in
skin, cornea, oral cavity and liver. Keratin overexpres
in response to injury has already been described in
of mice fed the toxins DDC, GF or cholic acid;
subjected to bile duct ligation (Fig. 8) (Cadrin et
2000; Denk et al., 2000; Fickert et al., 2002). Our re¢
coupled with those of others, clearly indicate that
nature of the stress determines whether heat stress |

Pancreas

General
stress
(Heat, Water immersion)

+ Hsp70 TT (heat)

* Otherwise,
K8/K18/K19 «»
Hsp70/60 «»

Organ-specific Pancreas

stress
(Caerulein, CD diet) * Hsp70/60 +»
* KB/K18/K19/K20 TT

(mediated by NF-xB)

Organ-specific Liver

stress
(GF, DDC intoxication,
Cholic acid, Bile duct ligation)

* K8/K1s TT
~ Denk et al, J Hapatol 2000

= Gadrin et al, J Hepatol 2000
- Fickert et al, Am J Pathol 2002

Gallbladder/Liver

Organ-specific
stress

(Lithogenic diet) « K8/K18/K19 TT (gallbladder)

o = + K8/KI8 s (liver)

— Taoetal, J Cell Sci 2003

Fig. 8. Summary of generalized versus organ-specific stress on keratin
expression. Generalized forms of stress, such as heat, which upregulates
hsp70, do not have an impact on keratin expression levels in Balb/c mouse
pancreas. By contrast, organ-specific stress that targets the pancreas, such
as caerulein or CDD, increase pancreatic keratin levels without having a
significant effect on hsp70/60 levels. The increased keratin expression in
response to caerulein occurs in association withkRFctivation. Similar
findings, in terms of organ-specific effects on keratin overexpression, have
also been noted in the liver (Cadrin et al., 2000; Denk et al., 2000; Fickert
et al., 2002). For example, feeding mice the hepatotoxins griseofulvin (GF)
or 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) also results in keratin
overexpression. However, not all forms of liver injury induce keratin
overexpression, as feeding mice a lithogenic diet causes liver injury without
affecting keratin expression levels. The lithogenic diet also results in
cholelithiasis and gall bladder injury, with concurrent overexpression of
gallbladder keratins (Tao et al., 2003).

induction or keratin induction occurs (Fig. 8). For examplesteatohepatitis (Tao et al., 2003). K8/K18 undergo
generalized stresses such as heat or water immersibgperphosphorylation in response to stress in every tissue
upregulate hsp protein expression in several internal epithel@ntext and injury model that has been examined to date, and
but do not impact on keratin expression in the pancreas. Bpdeed, the unique LLS/TPL phosphorylation motif that is
contrast, tissue-targeted stress such as caerulein or CDD caérsend exclusively in several type Il keratins (Toivola et al.,
pancreatitis and increase pancreatic keratin expression witha2@02) is phosphorylated in K8 by p38 or Jun kinases in response
having a significant impact on hsp60/70/90 expression. to a variety of stresses (He et al., 2002; Ku et al., 2002)
Our working model is that keratins can behave as stressicluding caerulein and CCD-induced pancreatitis (Toivola et
related genes that are induced in response to unique stressealin2000a). In contrast to the situation in the liver, where the
a highly dynamic fashion. Although keratin overexpression iroverexpression of keratins is likely to be important, given their
response to stress appears to be a general phenomenon, Wed-established protective role (Omary et al., 2002), the
response is not universal. For example, keratin overexpressisignificance of keratin overexpression in the pancreas is unclear
occurs in the pancreas (work herein), liver (Cadrin et al., 200@ecause the absence of keratins in K8-null mice does not
Denk et al., 2000; Fickert et al., 2002) and gallbladder inncrease their susceptibility to pancreatic injury induced by
response to injury, but such overexpression is not seen in tcaerulein or CDD (Toivola et al., 2000a). Furthermore,
liver after feeding mice a lithogenic diet that inducesrechallenge with caerulein 2 days after the initial challenge (i.e.
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at peak keratin overexpression and when recovery begins) dagskmann, R. P., Lovett, M. and Welch, W. J(1992). Examining the

not appear to be protective and, if anything, manifests more function and regulation of hsp 70 in cells subjucted to metabolic siess.

s A Cell Biol. 117, 1137-1150.
severe injury than in mice that are challenged only once (n%thagat L. Singh, V. P., Hietaranta, A. J., Agrawal, S., Steer, M. L. and
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provide protection from pancreatic injury, as appears to be theDifferential distribution of cytokeratins after microinjection of anti-
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