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Progressive Metaplastic

and Dysplastic Changes in

Mouse Pancreas Induced by
Cyclooxygenase-2 Overexpression’

Abstract

Cyclooxygenase-2 (COX-2) overexpression is an established factor linking chronic inflammation with metaplastic and
neoplastic change in various tissues. \WWe generated transgenic mice (BK5.COX-2) in which elevation of COX-2 and
its effectors trigger a metaplasia—dysplasia sequence in exocrine pancreas. Histologic evaluation revealed a chronic
pancreatitis-like state characterized by acinar-to-ductal metaplasia and a well-vascularized fibroinflammatory stroma
that develops by 3 months. By 6 to 8 months, strongly dysplastic features suggestive of pancreatic ductal adeno-
carcinoma emerge in the metaplastic ducts. Increased proliferation, cellular atypia, and loss of normal cell/tissue
organization are typical features in transgenic pancreata. Alterations in biomarkers associated with human inflamma-
tory and neoplastic pancreatic disease were detected using immunohistochemistry. The abnormal pancreatic phe-
notype can be completely prevented by maintaining mice on a diet containing celecoxib, a well-characterized COX-2
inhibitor. Despite the high degree of atypia, only limited evidence of invasion to adjacent tissues was observed, with
no evidence of distant metastases. However, cell lines derived from spontaneous lesions are aggressively tumori-
genic when injected into syngeneic or nude mice. The progressive nature of the metaplastic/dysplastic changes ob-
served in this model make it a valuable tool for examining the transition from chronic inflammation to neoplasia.
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Introduction

Inflammatory conditions of the pancreas predispose individuals to
developing pancreatic ductal adenocarcinoma (PDAC), exemplified
by individuals with heritable or sporadic forms of chronic pancreatitis
(CP) [1-3]. Among the general population, a number of risk factors
for pancreatitis and pancreatic cancer have been identified, e.g., alco-
hol and tobacco use [4,5], high consumption of nitrosamines [6],
and diabetes [7,8], which can lead to chronic inflammatory changes
either in specific target tissues [5] or in the body as a whole [7,8].
Although many forms of CP have been linked to a higher risk for
PDAC, the relationship between the two is ill-defined [9].

Metaplasia, the replacement of one mature cell type by another,
frequently occurs in chronic inflammation, and is often considered
a preneoplastic condition (e.g., Barrett metaplasia of the esophagus)
[10]. Acinar-to-ductal metaplastic changes in the pancreas are often
found in CP and in association with the recently defined pancreatic
intraepithelial neoplasias (PanINs) and mouse PanIN (mPanIN) pre-
cursor lesions and PDAC [11-15]. Recent articles have attempted to
clarify the relationship between CP and PDAC [12,14], and one
study has demonstrated that acinar cells clearly contribute to the de-
velopment of PanIN lesions [13]. Metaplastic ductal cells seem to
have diminished sensitivity to apoptotic stimuli and, therefore, have
a selective advantage in the diseased pancreas [16]. Although a great
deal of evidence exists supporting high-grade PanINs as precursor
lesions of PDAC, and this is widely accepted, questions remain with
regard to the validity of ductal complexes as precursors to PDAC
[17]. The concept is supported by evidence from groups studying
both rodent and human forms of the disease [18-21].

Cyclooxygenases (COX-1 and -2) are rate-limiting enzymes in
the production of prostaglandins (PGs), which are short-lived lipid-
signaling molecules involved in a number of biologic functions [22].
COX-1 expression is generally constitutive, whereas COX-2 is usually
induced by stimuli involved in inflammatory responses. Prostaglandin
E, (PGE,), a primary metabolite of COX-2, has been shown to
promote cell survival, proliferation, and angiogenesis and prohibit
apoptosis, all processes influencing cancer development [23].

Prostaglandin production is frequently a factor in the develop-
ment and maintenance of chronic inflammation, and COX-2 is up-
regulated in numerous human cancers and precancerous conditions,
including pancreatitis and PDAC [24,25]. Cyclooxygenase-2 expres-
sion has also been found to be an early event in the /NV-nitrosobis-
(2-oxo-propyl)amine model of pancreatic carcinogenesis in hamster
[26]. Forced COX-2 overexpression is associated with the develop-
ment of cancer in mouse models of mammary [27] and bladder
[28] tumorigenesis. In the skin of NMRI mice, COX-2 overexpres-
sion driven by the bovine keratin 5 (BK5) promoter does not lead
to spontaneous tumor development but sensitizes the skin to chemical
carcinogenesis [29]. In this same model, high PGE, levels also lead to
fibrocystic changes and epithelial lesions in the mammary gland and,
to some extent, in the pancreas [30,31].

In this article, we present a mouse model, FVB-7g(KRT5-Pigs2)7Sf
mice, hereafter referred to as BK5.COX-2 mice, in which the over-
expression of COX-2 under the control of a BK5 promoter drives
pancreatic acinar-to-ductal metaplasia progressing to severe dysplasia
suggestive of PDAC. Histopathologic analyses reveal similarities to
human CB, as well as pancreatic lesions observed in other genetically
[32,33] or chemically induced [34,35] animal models of pancreatic
disease. BK5.COX-2 pancreatic lesions are characterized by acinar-
to-ductal metaplasia, development of a fibroinflammatory stroma,

increased proliferation of metaplastic ductal cells, nuclear pleomor-
phism, and abnormal cell and tissue architecture. Pancreata frequently
develop multilocular cysts. The BK5.COX-2 pancreatic phenotype is
initiated and primarily driven by high levels of COX-2 activity/PGE,
signaling. The malignant potential of spontaneous BK5.COX-2 le-
sions to progress to invasive adenocarcinoma is suggested by the
presence of strongly dysplastic cell/tissue morphology and by the es-
tablishment of cell lines that form aggressive tumors when injected to
either syngeneic or nude mice. We propose that these mice represent
a valuable new model for the assessment of chemopreventive and
chemotherapeutic agents in pancreatic disease, particularly those asso-
ciated with pronounced inflammatory conditions such as CP.

Materials and Methods

Mice

All housing and procedures were carried out in an animal facility
accredited by the American Association for the Assessment and Accredi-
tation of Laboratory Animal Care, in accordance with Institutional Ani-
mal Care and Use Committee guidelines. Mice were maintained on
chow ad libitum, unless specified otherwise. FVB-Tg(KRT5-Prgs2)7Sf
(BK5.COX-2) mice were generated on the FVB background by pro-
nuclear injection of a bovine keratin 5 (BK5) promoter construct con-
taining the coding region of the mouse COX-2 gene, the rabbit
B-globin intron, and an SV40 poly-A tail. The BK5 promoter directs
expression to several tissue types, namely, basal cells of skin, prostate,
bladder, forestomach, mammary myoepithelium, kidney papilla, and
pancreatic ductal epithelia [36]. Transgenic mice can consistently be
identified by a sparse hair coat but showed no other visible abnormalities.

Two founders (Lines 7 and 9) were generated, both of which had a
pancreatic phenotype. Founder 9 produced no offspring; for all sub-
sequent studies, we used mice from Line 7. To maintain the line,
BK5.COX-2 males were bred to wild type female FVB mice. Hemi-
zygous offspring were used for all subsequent analyses. Prostaglandin
production due to higher COX-2 expression in transgenic embryos
was sufficient to trigger premature parturition; to avoid this, dams
were fed low levels of indomethacin (4 ppm of AIN-76A diet; Re-
search Diets, St. Paul, MN) for the last few days of pregnancy. Litters
born to these females were full term and otherwise healthy; we no-
ticed no long-term effects attributable to indomethacin treatment.

COX-2 Genotyping Polymerase Chain Reaction

Primers used recognize the rabbit B-globin intron within the trans-
gene; sequences are as follows: 5'-TCA-AAG-ACA-CTC-AGG-
TAG-AG-3’ (forward); 5'-CTT-GAG-TTT-GAA-GTG-GTA-AC-3’
(reverse). For a single 50-pl reaction, the following amounts were
added: 37.8 pl of double-distilled H,O, 5 pl of 10x polymerase chain
reaction (PCR) buffer, 1.0 pl of 10 mM dNTPs, 0.5 pl each of for-
ward and reverse primers, 0.2 pl of 7zg polymerase, and 5 ul sample
from HotShot DNA extraction. DNA was amplified using the fol-
lowing PCR conditions: an initial denaturation at 95°C (1 minute),
30 cycles of denaturation, annealing, and extension at 95°C (30 sec-
onds), 50°C (30 seconds), and 72°C (30 seconds), respectively, and a
final extension at 72°C (5 minutes), followed by a 4°C hold.

Histologic Evaluation and Immunohistochemistry
Tissues were embedded in paraffin blocks, and 4-pum sections were
cut. Slides were deparaffinized in a xylene substitute (CitraSolv; LLC,
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Danbury, CT) for 2 x 5 minutes. Tissues were hydrated in a series of
alcohols and water before undergoing antigen retrieval. The antigen
retrieval method used was dependent on the specific antibody. Meth-
ods used include microwaving in 10-mM citrate buffer, protease
treatment, and EDTA treatment. After antigen retrieval, endogenous
peroxidase activity was quenched with hydrogen peroxide (3% for
10 minutes), and sections were blocked with 10% normal serum in
phosphate-buffered saline (PBS) for 30 minutes. Primary antibodies
were applied in the concentrations for the lengths of time stated in
Table 1 (detailed antibody protocols are available on request). Slides
were washed two times for 5 minutes in PBS before application of
the secondary antibody. For most antibodies, slides were incubated
with the secondary antibodies for 30 minutes, and again washed sev-
eral times with PBS. Staining was developed by incubating sections
with diaminobenzidine; sections were counterstained with hematoxy-
lin. Slides were dehydrated in a series of alcohols before coverslipping.

Special Stains

Tissue sections were prepared as previously mentioned for hema-
toxylin and eosin (H&E). Toluidine blue: slides were stained with
a 0.1% solution of toluidine blue for 5 minutes and were briefly
destained before dehydration and coverslipping. Alcian blue and
periodic acid Schiff (PAS): slides were stained using kits (KTABP2.5
for Alcian blue and KTPAS for PAS) from American Master-Tech
Scientific, Inc. (Lodi, CA).

Table 1. List of Antibodies and Conditions Used.

BK5.CFP Mice/Detection of Cyan Fluorescent Protein

To construct pK5.CFD, the plasmid pECFP (Clontech, Mountain
View, CA) was digested with BamHI and Af/I1. A 1-kb fragment con-
taining the CFP sequence was ligated to (BamHI + Af/II)-digested
pIND (Stratagene, La Jolla, CA) to create pIND.ECFP. pIND.ECFP
was digested with BamHI and Nbel. The 1-kb fragment was ligated
to (Bg/ll + Nhel)—digested pMECA [37] to create pMECA-ECFP. A
7-kb fragment, released by Kpnl digestion of the plasmid p3/4 (gift
from Deutsches Krebsforchungzentrum, Heidelberg, Germany),
was digested with Sa/l. The resulting 5.2-kb fragment containing
the BK5 promoter sequence was ligated to (Kpnl + Xhol)—digested
pMECA-ECEFP to create pK5.CFP. pK5.CFP was digested with Nbel
and Kpnl, and the resulting 6.2-kb transgene fragment, containing
the keratin 5 promoter and the cyan fluorescent protein (CFP), was
purified and microinjected into fertilized B6C3F1 mouse oocytes as
described [38]. To observe CFP fluorescence in the pancreas of trans-
genic mice, pancreata were fixed in 4% paraformaldehyde for 30 min-
utes at room temperature, washed three times in PBS, and mounted
in OCT for frozen sectioning. Frozen sections were observed using a
fluorescent microscope (Axioplan; Zeiss, Jena, Germany) equipped
with a CFP filter set and an Axioplan camera.

RNA Extraction
We used the following protocol to avoid degradation due to the
high levels of RNAses present in pancreas. The protocol is based on

Primary Antibody Application Source Dilution Incubation Time/Temperature Antigen Retrieval Method
a-SMA IHC Dako 1:1000 30 minutes, RT None
Amylase IHC Sigma 1:5000 30 minutes, RT Citrate®
B-Catenin IHC BD Biosciences 1:500 30 minutes, RT Citrate
Caspase 3 (active) HC R&D Systems 1:2000 30 minutes, RT Citrate
CD3 IHC Serotec 1:100 2 hours, RT EDTA'
CD31° IHC Pharmingen 1:400 ON, 4°C Protease®
CD45R IHC Serotec 1:2000 1 hour, RT Citrate
COX-1 WB Cayman 1:100 ON, 4°C N/A
COX-2 IHC Cayman 1:500 1 hour, RT Citrate
E-Cadherin IHC Santa Cruz Biotechnology 1:50 1 hour, RT Citrate
Insulin IHC Zymed 1:500 1 hour, RT None
K19 IHC AbCam 1:100 1 hour, RT EIER® (pepsin)
Ki-67 IHC Dako 1:200 ON, 4°C Citrate
MMP-9 WB Chemicon 1:1000 1 hour, RT N/A
MMP-7 IHC LabVision/Neomarkers 1:50 1 hour, RT None
Pan-S100 IHC Dako Predilute 1 hour, RT None
VEGF WB Sigma 1:1000 1 hour, RT N/A
Company Location

Dako Carpinteria, CA

Sigma St. Louis, MO

BD Biosciences San Diego, CA

Serotec Raleigh, NC

Cayman Ann Arbor, MI

AbCam Cambridge, MA

Cell Signaling Danvers, MA

San Francisco, CA
Temecula, CA/Billerica, MA
San Diego, CA

Invitrogen/Zymed
Chemicon/Millipore
Calbiochem (EMD Biosci)

All immunohistochemical protocols require blocking sections in 10% serum for 30 minutes (to block nonspecific sites) and in 3% H,O, for 10 minutes (to quench endogenous peroxidase activity).

[HC indicates immunohistochemistry; ON, overnight; RT, 25°C; WB, Western blot.

*Antigen retrieval method used: 10 mM citrate buffer, pH 6.0, for 10 minutes in microwave and 20 minutes of cool down.

J(Antigen retrieval method used: 1 mM EDTA, pH 8, for 10 minutes in microwave and 20 minutes of cool down.

q\'Antigen retrieval method used: 0.06% protease (type 24) in Tris buffer for 10 minutes.

SAntigen retrieval method used: enzyme-induced epitope retrieval (EIER) with Digest-all 3 (pepsin; Zymed) for 10 minutes at 37°C. All IHC stains were visualized with diaminobenzidine.

ICD31 THC uses a tyramide amplification step; contact authors for detailed protocol.



Neoplasia Vol. 10, No. 8, 2008

COX-2-induced Pancreatic Dysplasia ~ Colby et al. 785

a combination of methods [39,40] and Tri-Reagent manufacturer’s
instructions (Molecular Research Center, Inc., Cincinnati, OH). Im-
mediately after euthanizing the mice, tissues were harvested and
homogenized with a polytron in 3 ml of 5 M guanidinium thiocyanate
buffer containing 50 mM Tris—=HCI, 1% laurosyl-sarcosine (Sarkosyl),
10 mM EDTA, pH 7.5, and 1% f-mercaptoethanol. After a brief
rest on ice, samples were precipitated 24 to 48 hours at 4°C with
seven times the volume of ice-cold 5 M lithium chloride. Samples were
then centrifuged for 30 minutes at 12,000¢ (9500 rpm) under 4°C.
The supernatant was removed, and the pellet was resuspended in
3 ml of 5 M guanidinium thiocyanate with 1% B-mercaptoethanol
followed by 0.1 volume of 2 M sodium acetate, pH 4. The samples
were then extracted with 3 to 4 ml of Tri-Reagent following manufac-
turer’s instructions. Samples rested for 5 minutes at room temperature;
0.1 volume of the phase separation reagent 1-bromo-3-chloropropane
was then added. Samples were mixed well and allowed to sit at room
temperature for 15 minutes, then centrifuged at 12,000¢ (at 4°C).
The aqueous layer was removed to a fresh tube, and all extraction
steps were repeated. After the second extraction, samples were washed
in 2 ml of chloroform, and spun down 15 minutes at 12,000g (at
4°C). The top layer was removed, and RNA was precipitated with
6 ml of isopropanol overnight at -20°C. Samples were centrifuged
for 15 minutes at 12,000y, (at 4°C), and the supernatant was poured
off. The RNA pellet was washed once with 75% ethanol made with
diethylpyrocarbonate-treated water. A third extraction was performed
with Tri-Reagent as previously mentioned, and the aqueous layer was
removed to a new tube and precipitated again in 2.5 times the volume
of 100% ethanol (overnight at —20°C or 2 hours at -80°C). Samples
were spun down at 12,000 for 15 minutes and washed once with 1 ml
of 75% ethanol. (Samples were transferred to microfuge tubes for
the remainder of the procedure.) Samples were centrifuged at 4°C for
15 minutes at maximum speed on a microfuge, washed with 100%
ethanol, and recentrifuged. Ethanol was removed, and the pellet was
allowed to air dry briefly (~10 minutes) and then resuspended in
diethylpyrocarbonate-treated water. An RNAse inhibitor (SUPERaseln;
Ambion, Austin, TX) was added (final concentration is 1 U/ul). Sam-
ples were stored at -80°C.

Endogenous COX-2 (a.k.a. Ptgs2) Versus
BK5.COX-2 Expression

TagMan primers and probes were designed to the 5’ and 3’ untrans-
lated regions (UTRs) unique to the mouse endogenous COX-2 gene
(Prgs2) and the BK5.COX-2 transgene. Primers and probe specific to
exon 7 of Prgs2 were used as positive controls because they amplify

both the endogenous gene and the transgene from genomic DNA
and ¢cDNA (not shown).

Endogenous COX-2 mRNA (Mouse Pigs2 5’UTR).  This assay
amplifies a 113-bp product from the endogenous gene and does
not amplify the transgene. F-primer: 5 CAG-TCA-GGA-CTC-
TGC-TCA-CGA-A; R-primer: 5’AGC-AGC-ACA-GCT-CGG-
AAG-A; probe: 5'-VIC-CGC-CAC-CAC-TAC-TG-MGB-NEQ.

BK5.COX-2 mRNA. This assay amplifies a 72-bp product unique
to the transgene and does not amplify Prgs2. F-primer: 5’ AAA-GGC-
GTT-CAA-CTG-AGC-TGT-AA; R-primer: 5'GGA-GTG-AAT-
TGC-TAG-CGT-ATC-GA; probe: 5'-6FAM-CCG-GGC-TGC-
AGG-AA-MGB-NFQ.

Total RNA was quantified on a spectrophotometer (ND1000;
NanoDrop Technologies, Wilmington, DE), and equal quantities
of RNA were used for each sample. The quality of total RNA was
verified by analysis on NanoChip with a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Reverse transcription (RT) of 500 ng
of total RNA was carried out in 20-pl reactions with the High-
Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s recommendations. Antisense primers
for Prgs2 and BK5.COX-2 (previously mentioned) were substituted
at a final concentration of 300 nM for the random primers included
in the kit.

Quantitative real-time PCR and RT-PCR (qPCR) were carried out
in 25-pl reactions with 7zgMan FAST Universal PCR Master Mix
or SYBR Green Master Mix (Applied Biosystems) and 2-ul template
on an ABI Prism 7900HT Sequence Detection System (Applied Bio-
systems). For qPCR, either 20 ng of genomic DNA or the cDNA
generated from RT of 50-ng total RNA was used for each 25-ul re-
action. Primer sets were tested by amplification with SYBR green and
were selected based on amplification efficiency, dissociation curve
analysis, and the presence of single bands of appropriate size visual-
ized on a polyacrylamide gel. Primers were purchased from Integrated
DNA Technologies (Coralville, IA), probes from Applied Biosystems.

Synthetic oligos containing the amplicon were purchased from
MWG Biotech (High Point, NC). The oligos were diluted serially
in a 10-fold dilution series in 25 ng/pl tRNA (Invitrogen, Carlsbad,
CA) to generate a standard curve based on the manufacturer’s stated
concentration and molecular weight. Absolute standard curves were
generated using oligo standards ranging from 3.4 x 10'? copies down
to 0.34 copies per reaction. For the endogenous COX-2 assay, reac-
tion efficiency was approximately 100% (slope = -3.32, R = 0.9998),
with a linear range of 340 to 3.4 x 10’ copies. For the BK5.COX-2
assay, reaction efficiency was approximately 100% (slope = -3.32,
R = 0.9997), with a linear range of 34 to 3.4 x 10® copies. Sample
sizes were as follows: 3-week-old wild type, 7 = 4; 3-week-old trans-
genic, 7 = 4; 6-month-old wild type, 7 = 4, and transgenic older than
15 weeks, 7 = 11.

PGE, Enzyme-Linked Immunosorbent Assay

PGE, levels were determined as previously described using a PGE,
enzyme-linked immunosorbent assay kit from Cayman Chemical
(Ann Arbor, MI) [41]. Levels of PGE, were determined using the
multiple linear regression program on AssayZap (Biosoft, Cambridge,
UK) and were expressed as picograms per microgram protein. Ex-
periments were performed in triplicate and repeated three times. Sam-
ple sizes for PGE, analysis were as follows: wild type, 7z = 4; young
transgenic (~4—6 weeks old), 7 = 4; and older transgenic (>15 weeks

old), n = 5.

Cell Culture and Injections into Nude (Allogeneic) or FVB
(Syngeneic) Mice

Minced tumor pieces (1-3 mm) were incubated overnight at 37°C
in 200 U/ml collagenase type 1A (Sigma, St. Louis, MO) and sus-
pended in supplemented RPMI 1640 medium (Invitrogen) [42].
After centrifugation, cells were plated in polystyrene flasks. Cultures
were observed for colonies with epithelial phenotype; fibroblast over-
growth was minimized by differential trypsinization. Once lines with
epithelial morphology were established, medium was changed from
high-serum RPMI to DMEM (with high glucose, GlutaMAX, and
sodium pyruvate; Invitrogen) supplemented with 5% fetal bovine
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serum, insulin (10 pg/ml), and penicillin/streptomycin (100 pg/ml).
Cells from one of the epithelial lines (JC102) were injected into the
spleens of three 7-week-old nude mice (BALB/cAnCr- nu/nu; Na-
tional Cancer Institute, Frederick, MD) and were allowed to grow
for 7 weeks. Cells were injected intraperitoneally (i.p.; JC101 and
JC102) or subcutaneously (JC101) into the FVB mice; mice were
killed and tissues were collected when the tumors were ~1 cm in
diameter or after 30 days.

Chemoprevention Study

Groups of 8 to 12 mice were fed ad libitum diets of AIN-76A diet
(Research Diets, New Brunswick, NJ) containing celecoxib (LKT
Laboratories, St. Paul, MN) at concentrations of 500 (4.5 months),
1000 (3 months), or 1250 ppm (6-10 months). Age- and sex-matched
controls were fed AIN-76A (Research Diets) ad libitum. Mice were
placed on diets at weaning (3—4 weeks) and killed at the end of
the feeding periods. Kaplan—Meier survival curves were generated
using JMP software (SAS Institute, Cary, NC). For survival analysis,
11 transgenic mice fed 1250 ppm of celecoxib up to 33 weeks were
compared with 30 mice fed control diet for the same period.

Statistical Analysis

Statistical differences were performed using analysis of variance
(ANOVA) followed by Student’s # test (one-sided, unequal variance).
PGE, and endogenous COX-2 expression data were analyzed using
Excel (Microsoft Corporation, Redmond, WA). Log-rank analysis
of Kaplan—Meier survival data was performed using JMP software
(SAS Institute).

Results

Histopathology

Necropsies of newborn and perinatal BK5.COX-2 mice did not
reveal any major phenotypic alterations with the exception of a sparse
hair coat. At the histologic level, the skin showed slight to moderate
inflammation in the dermis and mild hyperplasia of the epidermis.
Older mice occasionally developed moderate hyperplasia of the blad-
der epithelium (data not shown). The first significant pathologic al-
teration in the pancreas that distinguished the transgenic from wild
type mice (Figure 14) was detected at 3 to 4 weeks and consisted of
cells with pyknotic nuclei, occasional apoptotic figures, very mild
degeneration of the acinar structures coupled with widening of the
interlobular spaces, and the presence of a highly vascularized loose
connective tissue in the interacinar spaces (Figure 1B). Foci of in-
filtrated mononuclear inflammatory cells were observed among the
acini and in the interlobular spaces. Concurrently, acini at discrete
sites throughout the pancreas began to undergo a transition to a duc-
tal phenotype, i.e., ductal metaplasia, as evidenced by an increase
in the size of the lumen and change in cellular appearance, e.g., loss
of zymogen granules and reduction in the amount of cytoplasm.
Amylase staining, a marker of acinar differentiation, is retained in
early stages of the transition but is completely lost in metaplastic
ducts (data not shown). A low but widespread level of necrosis was
observed in H&E—stained sections, although no difference was ob-
served in cytoplasmic HMGBI staining (not shown). Increased pro-
liferation was observed in transitional foci, as evidenced by Ki-67
immunohistochemistry (IHC; Figure 1C, inset). No difference was
seen between Ki-67 staining of 3-week-old wild types and trans-
genics, because the pancreas was still growing to its adult size (not

shown). Full development of the pancreas was complete by 3 months,
at which time Ki-67 was almost undetectable in wild type mice
(Figure 1D, insez), whereas extensive Ki-67 staining is evident in trans-
genics (Figure 1D). A high degree of proliferation continued well
beyond 3 months in BK5.COX-2 mice (Figure 1E).

By 10 weeks, 87% of the transgenic mice develop inflammatory
lesions with distinct similarities to human CP [43]. Figure 1C shows
a representative photomicrograph with characteristic fibrosis, inflam-
matory cell infiltration, and ductal metaplastic foci. After 10 weeks,
an increase in the extent and severity of the pancreatic lesions was
observed, reflected by a significant increase in the size of the gland
relative to wild type (Figure 1F) and the presence of adhesions to
abdominal organs (liver, intestine, and spleen) primarily because of
the inflammatory process. Microscopically, partial or complete ductal
metaplasia of multiple pancreatic lobes was observed, with a signifi-
cant increase in fibrosis. Lobular architecture of the gland was gen-
erally conserved, with a degree of disruption due to extensive fibrosis
(Figure 2A4). At this time point, dysplastic changes were observed in
the ductal epithelium in some of the metaplastic foci, consistent with
in situ premalignant lesions. There was considerable loss of architec-
tural orientation, frequent cellular atypia, increased nuclear to cyto-
plasmic ratio, and nuclear atypia with prominent nucleoli. Grossly,
cystic changes were more noticeable and frequent. Taller mucus-
producing cells can be seen in some of the ductal complexes. Lesions
with histologic resemblance to mPanINs can be seen as well (Figure 2,
Band C). Necrotic debris is also found in the lumens of many ductal
complexes (Figures 2, D-G).

Lesions of older mice (3—6 months) show histopathologic fea-
tures that are considered more typical of overt PDAC. Figure 2D
shows a representative example of a lesion with moderately to well-
differentiated ductal structures, an extensive fibroinflammatory reac-
tion, and loss of lobular structure. Mitotic figures were frequently
observed, and nuclei were atypical, with prominent nucleoli (Fig-
ure 2, D and E). Cellular atypia and lack of cellular organization,
i.e., more haphazard growth of ductal complexes, were also observed
(Figure 2, F and G). As in younger mice, occasional adhesions to
other abdominal organs were seen, generally appearing to be the re-
sult of the inflammatory process, although some of the adhesions are
suggestive of early neoplastic invasion. Figure 2H shows an example
of such a case, in which abnormal pancreatic cells have adhered
and possibly begun to invade through the outer muscularis layers
of the intestine. No distant metastases were confirmed, and no signs
of peritoneal carcinomatosis were seen. By 6 to 8 months, 100% of
the animals had greatly enlarged pancreata and were euthanized as
per animal care protocols. Increased volume of the pancreata was
frequently, but only partially, a result of cystic fluid (serous) accumu-
lation. Occasionally, mice presented with some degree of ascites as
well. At this time point, mean + SD pancreatic mass was significantly
different between wild type and transgenic groups (wild type, 0.28 +
0.002 g; transgenic, 2.60 + 1.51 g; P < .001; data were obtained after
draining cystic fluid). Digestive abnormalities associated with pancre-
atic insufficiency were not observed, and mice did not show signs of
pain. It seemed that at the time of euthanasia, mice still retained suf-
ficient acini to allow normal digestive function.

For controls, 24 wild type mice, from 3 to approximately 50 weeks,
were examined histologically. Some of the animals near 1 year were
observed to have small infiltrations of lymphocytes in the interstitium
(data not shown), which is an incidental lesion commonly seen in

aged FVB mice.
























794  COX-Z-induced Pancreatic Dysplasia ~ Colby et al.

Neoplasia Vol. 10, No. 8, 2008

that in stressful environments such as chronically inflamed tissue, li-
gands for RAGE may be present as higher-order oligomers, possibly
overwhelming normal resolution mechanisms [63]. Up-regulation of
S100 proteins also suggests changes in calcium signaling, which can
affect many aspects of cell behavior, including cell cycling and differ-
entiation [45].

In spite of the presence of molecular markers frequently associated
with more aggressive neoplastic behavior, BK5.COX-2 tumors showed
only occasional invasion and no identifiable metastases. Although
we were unable to unequivocally demonstrate metastases originating
from spontaneous lesions, cell lines derived from primary lesions were
shown to be tumorigenic, suggesting the presence of additional genetic
or epigenetic changes within the cells. Most PDAC cases in humans
show mutations in K-7as [64]; however, mutation-specific sequencing
failed to show any evidence of signature K-7as mutations in BK5.
COX-2 tumors (not shown). Because COX-2 up-regulation is down-
stream of ras activation, our model may bypass the “need” for K-ras
mutation [65]. Activated ras, however, was detected in BK5.COX-2
cell lines used for injection experiments (data not shown). Ras activa-
tion may reflect a critical change responsible for the more aggressive
behavior of tumors arising from the cell lines, although it is sdll pos-
sible that additional mutations may have been selected for in the pro-
cess of deriving the lines from spontaneous tumors. Interestingly, a
recent article demonstrated that in adult mice expressing mutant ras
(K-Ras®"?Y), inflammatory changes are necessary for the full develop-
ment of neoplastic changes [14].

An interesting feature seen in most spontaneously occurring BK5.
COX-2 pancreatic lesions is the presence of cystic changes, a feature
shared with several other mouse models of pancreatic disease [32,66—
68], giving the tumors a gross resemblance to serous cystadenoma/
adenocarcinoma [69]. Although the lesions appear grossly like these
neoplasms, microscopically, BK5.COX-2 lesions show much more
dramatic dysplasia, with histologic characteristics more in line with
ductal adenocarcinoma. Newer imaging techniques have lead to
more frequent discovery of pancreatic cysts in humans, and a number
of recent articles have addressed the significance of cystic lesions in
pancreatitis and PDAC [70-74]. Although observed less frequently in
humans than solid neoplasms, cystic variants of many lesions occur,
some with malignant features [71]. Distinguishing benign cysts from
those with malignant potential is a diagnostic challenge, particularly
against a background of CP [73,75]. Although the full significance
of pancreatic cysts is not known, there are data suggesting an increased
risk for PDAC in persons with pancreatic cystic changes [72].

In a recent publication [31], a COX-2 transgenic mouse generated
on the NMRI background displays some of the characteristics of our
model but with critical differences. Similarities exist in terms of the
histopathology of ductal lesions, but a lower percentage of these mice
are affected (15% at 6 months; 30% of 12 months), and latency is
greatly increased (lesions take two to three times longer to manifest
themselves). The differences between this model and our own could
be advantageous in efforts to distinguish important genetic or epi-
genetic cofactors influencing the progression of pancreatic disease.

Identification of early, premaligant changes is critical for the devel-
opment of improved prevention or intervention approaches. There
has been mixed success using COX-2 selective inhibitors such as
celecoxib in preclinical/xenograft models of pancreatic cancer, with
some groups reporting inhibition of angiogenesis or growth factor—
associated signaling [76-78] and others showing no effect [79].
Unfortunately, the efficacy of celecoxib as an adjuvant to standard

chemotherapeutic protocols has been quite limited [79-82], further
highlighting the need for the earlier detection of preneoplastic lesions
and a stronger focus on prevention. A number of studies have dem-
onstrated causal links between tobacco and/or alcohol use and pan-
creatic inflammation and neoplasia [4,5,8]. Cyclooxygenase-2 is
frequently found to be elevated in these studies and can be consid-
ered an important biomarker in CP and PDAC. As an example, a
recent study by Schuller et al. [83] employed a radiolabeled drug
to help identify precancerous lesions that significantly overexpressed
COX-2 in 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone—treated
hamster tissues (liver, lung, and pancreas). In addition, COX-2 inhi-
bition has been shown to limit the progression of mPanINs in the
Kras®'?P model [84]. We believe that the BK5.COX-2 model has
attributes that will make it a valuable model in furthering our under-
standing of how unresolved inflammatory processes can initiate pre-
malignant changes linked to pancreatic cancer and how such changes
can be prevented. Data obtained from this and other related models
should broaden our understanding of the complex relationship be-
tween inflammation and pancreatic cancer [12-14,31].
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