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Pancreatic cancer is one of the most lethal can-
cers in humans. The majority of these cancers
arise from the pancreatic duct epithelium. Re-
search into the pathogenesis ofpancreatic car-
cinoma has largely relied on animal models. In
vitro models ofpancreatic carcinogenesis using
propagable cultured epithelial ceUs derivedfrom
the pancreatic ducts of rats and hamsters have
been described. A human model, however, has
been nonexistent due to the unavailability of
propagable cultured duct epithelial cells derived
from normal human pancreas. We report here a
reproducible methodfor the long-term culture of
pancreatic duct epithelial ceUs derivedfrom nor-
mal and benign adult human pancreata by infec-
tion with a retrovirus containing the E6 and E7
genes of the human papilloma virus 16. One of
these ceUl lines has become immortal and has
propagated continuously for more than 20 pas-
sages. They remain anchorage dependent in their
growth and nontumorigenic in nude mice. These
ceU lines and the methodology described here to
establish them may provide new avenues for in
vitro studies of the roles played by duct epithe-
lium in human pancreatic diseases and cancers.
(AmJ Pathol 1996, 148:1763-1770)

Pancreatic cancer is one of leading causes of can-
cer death in the United States and many developed
countries.1 2 Despite significant efforts devoted to
the development of animal models of pancreatic car-
cinogenesis during the last 20 years,3-5 the etiology
and pathogenesis of the human pancreatic cancers
remain largely unknown. The majority (90%) of hu-
man pancreatic cancers belong to adenocarcinoma
of ductal origin.6 Although tobacco-specific nitro-
samines have been implicated as one of the etiolog-
ical agents of human pancreatic cancer,7-9 the me-
tabolism and effect of these carcinogens in human
pancreatic duct epithelial cells is largely unknown.
Based on morphological and molecular studies, it is
clear that human pancreatic duct carcinogenesis is
a multistage process.10-15 The preneoplastic nature
of hyperplatic and dysplastic human pancreatic duct
epithelium has been supported by the common oc-
currence in these cells of genotypic and phenotypic
changes characteristically found in pancreatic duct
adenocarcinoma. These include the mutations of the
Ki-ras and p53 genes1 1-14 and the overexpression of
hepatocyte growth factor and the met/hepatocyte
growth factor receptor.15 However, the mechanistic
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Table 1. Origin of Human Pancreatic Duct Epithelial (HPDF/E6E7) Cell Lines

Patients' characteristics

Age (years)

75

51

54

Sex Primary diagnosis

M Adenocarcinoma of ampulla
of Vater

F Acute and chronic
pancreatitis

F Multiloculated cystadenoma
of pancreas

Number of passages
achieved*

8

20

12

M, male; F, female.
*The cells were forzen for storage at these passage numbers.

roles that these biochemical and molecular changes
play during the promotion and progession stages of
human pancreatic carcinogenesis remain poorly un-

derstood. These important questions are difficult to
answer in the absence of suitable in vitro models. In
this paper, we describe a method for achieving the
long-term culture and immortalization of epithelial
cells that originated from normal human pancreatic
ducts. Although these cells have been genotypically
altered by infection with a retrovirus vector express-

ing the E6E7 genes of human papilloma virus (HPV)-
16, such non-neoplastic human pancreatic duct ep-

ithelial cell lines will remain useful to investigate
directly and in vitro the multistage pathogenesis of
human pancreatic cancers.

Materials and Methods

Duct Explant and Cell Culture

Normal and/or benign pancreatic tissues were ob-
tained from three human pancreatic specimens that
had been resected by Whipple's procedure for dis-
eases of the pancreas and duodenum (Table 1).
Representative histological sections from the tissue
fragments used for primary cultures revealed only
pancreatitis or normal pancreatic tissue. Tissue frag-
ments recovered at the end of the explants were also
examined histologically and revealed the absence of
malignancy.

Grossly visible pancreatic ducts, including main
ducts, were isolated by dissection and freed as

much as possible from the adjacent acinar tissue.
After several washes with ice-cold Mg2+- and Ca2`-
free Hanks' balanced salt solution (HBSS; GIBCO-
BRL, Grand Island, NY), they were cut into approxi-
mately 1-mm-long fragments and subsequently put
on to 60-mm tissue culture dishes (Falcon, Becton
Dickinson, Mountain View, CA). Some of these
dishes had been coated with a thin layer of rat tail
collagen gel. The explants were cultured in 2 ml of
keratinocyte-serum-free (KSF) medium supple-

mented with 50 mg/ml bovine pituitary extract and 5
ng/ml epidermal growth factor (GIBCO BRL) at 370C
in a humidified atmosphere containing 5% C02. The
medium was replaced every 2 to 3 days.

To propagate the monolayer-cultured cells, they
were dissociated with the HBSS containing 0.025%
trypsin, 0.265 mmol/L EDTA, and 0.5% polyvinylpyr-
rolidone. After neutralization of the trypsin with KSF
containing 0.1% soybean trypsin inhibitor (GIBCO
BRL) and 0.1% bovine serum albumin (Boehringer-
Mannheim Canada, Dorval, Qu6bec, Canada), the
cells were subcultured at 1:4 to 1:8 split ratios.
The PK1, PK8, and PK9 human pancreatic duct

adenocarcinoma cell lines were previously estab-
lished in the laboratory of Dr. Masao Kobari at To-
hoku University School of medicine.16 Soft agar col-
ony assays were performed as previously
described. 1 7

Infection by Retrovirus

An amphotrophic retrovirus, LXSN16E6E7, contain-
ing the E6 and E7 genes of HPV-16 and the neomy-

cin-resistant gene was used to infect the duct epi-
thelial cells in primary cultures. The construction and
generation of the retrovirus has been described in
detail previously.16 Infection was carried out soon

after a monolayer sheet of cells had formed around
the duct fragments, which usually occured approxi-
mately 3 to 6 days after the start of explants. Infection
was carried out in 2 ml of KSF medium in the pres-

ence of 4 ,ug/ml polybrene (Sigma Chemical Co., St.
Louis, MO), and 16 to 18 hours later, the medium
was replaced with 5 ml of the fresh KSF medium. The
infected cells were subsequently selected by grow-

ing them in the presence of 400 ,ug/ml G-418
(GIBCO BRL). Fresh medium was replaced every 3
days, and passage was made when the cells had
reached 80 to 90% confluence. A continuous selec-
tion in G-418 was carried out for at least three sub-
cultures. The cells were subsequently expanded and
grown in 100-mm culture dishes in 10 ml of medium.

Cell line

HPDE-1/E6E7

HPDE-4/E6E7

HPDE-5/E6E7
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Detection of the HPV E6 and E7 Genes
Genomic DNA was isolated from cultured cells as
described previously.19 The presence of the HPV-16
E6 and E7 genes in the cell lines were studied using
polymerase chain reaction (PCR) and Southern blot-
ting.

The PCR was carried out using oligonucleotide
primer sets (Research Genetics, Huntsville, AL) for
the HPV-16 E6 gene (position 201 to 523; sense,
5'-GCAAGCAACAGTTACTGCG ACGT-3'; anti-
sense, 5'-GCAACAAGACATACATCGACCGG-3'),
the HPV-16 E7 gene (position 676 to 818; sense,
5'-GATGGTCCAG CTGGACAAGC-3'; antisense, 5'-
GTGCCCA TTAACAGGTCTTC-3'), and the genomic
DNA isolated from cell lines after more than five
passages as templates. Thirty-five cycles of PCR
were carried out in the Thermal Cycler (Perkin-Elmer
Corp., Norwalk, CT) with each cycle consisting of
denaturation at 940C for 1 minute, annealing at 550C
for 1 minute, and polymerization at 720C for 2 min-
utes. The PCR products were electrophoresed in a
1.5% agarose gel and then blotted to a Hybond-N
membrane (Amersham, Oakville, Ontario, Canada).
To confirm that the PCR products were the E6 and E7
gene fragments, the membrane was hybridized with
a 32P-end-labeled internal oligonucleotide probe for
the HPV-16 E6 gene (5'-GCTTTTCGGGATTTAT
GCATAGT -3'). As the E7 internal oligoprobe is no
longer available, the membrane was subsequently
also hybridized with a 32P-labeled 604-bp Kpnl-Ndel
fragment of the HPV-16 E6-E7 gene of plasmid
p1318.20

For hybridization with the E6 oligoprobe, the mem-
brane was prehybridized in 5X SSPE (1X SSPE con-
tained 0.3 mol/L NaCI, 20 mmol/L phosphate buffer,
pH 7.4, and 2 mmol/L EDTA), 5X Denhardts', 0.5%
sodium dodecyl sulfate (SDS), and 100 mmol/L so-
dium pyrophosphate for 20 minutes at 580C. Hybrid-
ization was carried out overnight in the same buffer
and at 550C. The membrane was then washed twice
with 6X standard saline citrate (1X SSC contained
150 mmol/L sodium chloride, 15 mmol/L sodium ci-
trate, pH 7.0) at room temparature for 20 minutes
each and then with 3 mol/L tetramethyl ammonium
chloride at room temperature for 10 minutes and at
610C for 20 minutes. After a final rinse in 6X SSC for
5 minutes at room temperature, the membrane was
autoradiographed with Kodak XAR-5 film. Hybridiza-
tion with the E6-E7 cDNA probe was carried out as
described below.
A Southern analysis for stable integration of the

E6-E7 gene into the genomic DNA was also carried
out. Ten micrograms of DNA was digested with

EcoRI and then separated in 1% agarose gel in TAE
buffer and transferred onto the Hybond-N mem-
brane. After cross-linkage by exposure to ultraviolet
light, it was hybridized to the Kpnl-Ndel fragment of
the E6-E7 cDNA, which had been labeled with
[32P]dCTP using the random primer labeling kit
(Pharmacia Biotech, Piscataway, NJ). Hybridization
was carried out overnight in the QuickHyb hybridiza-
tion solution (Strategene, La Jolla, CA) at 68°C and
then washed twice at room temperature in 2X SSC
solution containing 0.1% SDS and twice at 600C in
0.1X SSC solution containing 0.1% SDS. The mem-
branes were then exposed to Kodak XAR film.

Immunohistochemistry
The cells were cultured on tissue culture chamber
slides (Miles Laboratories, Naperville, IL). When the
cultures were still subconfluent, the cells were fixed
with 70% ethanol for 10 minutes at 40C and then air
dried and stored at -20°C. Immunohistochemistry
was performed with the avidin-biotin immunoperoxi-
dase technique, using the Histostain broad spec-
trum kit (Zymed, San Franscisco, CA). Primary anti-
bodies included CAM-5.2 against human
cytokeratins 8 and 18 (Becton Dickinson, San Jose,
CA), the anti-human cytokeratin 19 antibody (Dako
Corp., Carpinteria, CA), and D07 anti-p53 antibody
(Dako). The antibodies were used at the dilutions
suggested by the manufacturers.

Point Mutational Analysis for the Ki-ras
Gene
Exons 1 and 2 of the human Ki-ras gene were am-
plified from 250 ng of genomic DNA using the PCR
and the human Ki-ras amplimers (Clonotech, Palo
Alto, CA). The PCR products were dot-blotted onto
replicate Hybond-N membranes (Amersham) and
then hybridized to the appropriate panels of mutant-
specific oligonucleotide sequences for codons 12,
13, and 61 of the human Ki-ras gene, as contained in
the ras-ONCO-LYZER kit (Clonotech). PCR, hybrid-
ization, and washing were carried out according to
the company's technical instructions.

Tumorigenicity Assay in Nude Mice
Trypsin-dissociated cells were suspended at a con-
centration of 4 x 106 cells/0.5 ml in the KSF medium
containing a 10% volume of basement membrane
extract Matrigel (Collaborative Biomedical). Cells (2
x 106) were injected into the dorsal interscapular fat
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Figure 1 . Representative microscopic appearance ofpropagable culture human pancreatic duct epithelial cells. a: A confluent culture ofHPDE4lE6E7
at passage 12. b: A higber magnification showing the polygonal epithelial cells growing in a cobblestone pattern. C: 7The uiltrastructzural appearance
of these cells uwhen placed on collagen gel (Col). Note the presence of occasional surface microvilli and lateral interdigitating microvillois processes
(arrow) mimicking the appearance of duct epithelium in vivo. Magn7ification, X40 (a); X 100 (b): and X8970 (c).

pad of each of the 6-week-old male nude mice
(strain nulnu, Charles River Laboratories, Wilming-
ton, MA). Two nude mice were injected with each cell
line, and tumor formation was monitored for up to 6
months.

Results
We discovered that, when pancreatic duct frag-
ments were explanted either on tissue culture plastic
surface or on collagen gel, 3 to 5 days later, epithe-
lial cells will migrate out of the edges of the tissue
and grow to form a sheet of monolayer cobblestone-
appearing cells. These cell colonies will continue to
expand centrifugally for several more days, and the
colony may reach 1 to 2 cm in diameter.
We have previously used the HPV-16 E6-E7 genes

to immortalize cultured normal human bronchial ep-
ithelial cells.21 Our previous experience with primary
cultures of normal colonic crypt epithelial cells, how-
ever, suggested that explanted epithelial cells from
the human gastrointestinal tract might not survive
long (1 to 2 days) in primary cultures (unpublished

results). Hence, to obtain continuously proliferating
duct cells, we decided to infect the human pancre-
atic duct epithelial cells early during primary cul-
tures. This was done usually as soon as monolayer
colonies of epithelial cells had formed, 5 to 7 days
after the start of duct explants. Infection was only for
24 hours, and the cells were subsequently cultured
in the supplemented KSF medium, which was re-
placed every 3 days. Using this strategy, we ob-
tained propagable epithelial cell lines HPDE-1/E6E7,
-4/E6E7, and -5/E6E7 (Figure 1, A and B). One of
these cell lines, HPDE-4/E6E7, has undergone crisis
at passage 12 and developed an immortal cell line
that has been propagated up to 20 passages (Table
1).
These LXSN16E6E7-infected cell lines remained

as monolayer culture. The cells demonstrated some
pleomorphism in size and shape, although they
clearly maintained the polygonal appearance typical
of cultured epithelial cells. When these cells were
plated on to collagen gels, they demonstrated polar-
ization with surface microvilli, apical junctional com-
plexes, and lateral interdigitations (Figure 1C), fea-
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Figure 2. The dcetection ofthe HPV-16E6 and E7genes ini thbegenonic DNA. A: Polynerase chain reaction analyses yielded the expected 323-bp DNA
fragment uith the E6 primer set anid the 142-bp DNVA fragment wtith the E7 primer set in the transf/cted HPDEIE6E7 cell lines bhot niot in the
nontransfected PK adenocarcinomna cell lines. B: A Southern blot of EcoRi-digested genomic DNA ofthese cell lines, which has been hybridized with
the HPV-16F6-E 7 cDNA, demonstrated mulItiple bannds in each cell linle, consistent with the presence ofmultiple clones ofHPDE/E6E7 cells containing
randomly integrated E6E7 genes.

tures typically seen in duct epithelium in vivo.
Zymogen and endocrine granules were not seen.

These cells in monolayer or on collagen were posi-
tive for cytokeratins 8/18 and 19 by immunohisto-
chemistry. They did not form colonies in soft agar,

and all of them were nontumorigenic in nude mice for
up to 6 months.

Using both PCR and Southern blot analyses, we

confirmed that the genomic DNA of these HPDE cell
lines contained the HPV-16 E6 and E7 genes, which
were randomly integrated (Figure 2). All cell lines
demonstrated wild-type codons 12, 13, and 61 of the
Ki-ras gene by allele-specific oligonucleotide analy-
sis (Figure 3). In contrast, all three human pancreatic
ductal carcinoma cell lines we tested showed Ki-ras
mutation in codon 12. Immunohistochemical analy-
ses for p53 protein was negative in all HPDE cell
lines.

Discussion

We have described a new method to establish im-
mortalized cultured epithelial cells derived from nor-

mal and non-neoplastic ductal fragments of adult
human pancreas. The fact that none of these cell
lines harbor a mutation in their Ki-ras gene also
strongly supports their origin from the normal pan-

creatic duct epithelium. Although Ki-ras mutation at
codon 12 is extremely common (>80%) in human
pancreatic adenocarcinoma,22 several investigators
have also demonstrated a high frequency (60%) of
Ki-ras mutation occurring in hyperplastic pancreatic
duct epithelium.10-13 The explant method that we

have described is simple, highly reproducible, and
yields pure duct epithelial cell populations. We be-
lieve this is the direct result of several new initiatives
that were introduced into our culture methodology.

Previous efforts at establishing propagable cul-
tured duct epithelial cells from normal adult human

GGT
AGT GAT
TGT GCT
CGT GTT

PKI

PK8

PK9

HPDE1 ESE7

HPDE4/ESE7

HPDE5/ESE7

Figure 3. Analyses for the presence ofpoint mutationl at codonl 12 of
the Ki-ras gene. The allele-specific oligonuicleotide hybridization tech-
nique was used. Exceptobr the wild-type probe, mutant probes uere

comnbined inito tuo groups of three oligos to simnplify the analyses. All
three humwlani pancreatic adenocarcinoma cell linles (PK], -8, anld -9)
werepositiiefor the Ki-ras nmutation, uwhereas all three HPDE/E6E7 cell
lines were negative.

(A)

323 bp>
< 1 42 bp



1768 Furukawa et al
AJPJunie 1996, Vol. 148, No. 6

pancreas have rarely been reported. Harris and
Coleman23 reported the establishment of propaga-
ble cultured pancreatic duct epithelial cells, but
these were from mid-trimester human fetal pancre-
ata. Hall and Lemoine24 reported the culture of epi-
thelial cell colonies from acinar cell aggregates ob-
tained from collagenase-digested human adult
pancreata. Their study concluded that these acinar
cells rapidly assumed a ductal phenotype within 4
days of primary cultures, but an attempt at long-term
culture was not reported. Vila et a125 used a similar
technique to obtain abundant primary cultured pan-
creatic epithelial cells that expressed ductal cell
phenotypes, although they were not able to propa-
gate these cells due to overgrowth by fibroblasts.
Trautmann et al26 have reported the primary culture
of human pancreatic duct cells from transplant do-
nors. They dissected the main pancreatic duct and
first-degree branches, which were then subjected to
collagenase digestion. These primary cultures con-
tained proliferating colonies of epithelial cells that
expressed ductal phenotypes, including the produc-
tion of mucin and the expression of cytokeratin 19
and carbonic anhydrase. Contamination by fibro-
blasts was a problem, which was partly solved by
passaging the epithelial cell colonies using cloning
cylinders. They reported the maintenance of these
duct epithelial cells for up to 5 weeks in culture, but
details on cell passaging were not reported.
The explant method we have reported yields sev-

eral advantages over the enzyme dissociation
method commonly used to establish primary cultures
of duct epithelial cells from human, rat, cow, and
hamster pancreata.27-29 First, it is simple to perform.
Second, it ensures that the cultured epithelial cells
originate exclusively from the ductal epithelium. Be-
fore using the method described here, we have also
made many attempts to culture human pancreatic
ductal cells from collagenase-dissociated pancre-
atic tissue. Such methods yielded very few epithelial
cells, and they were always contaminated by a large
number of islet and mesenchymal cells, especially
fibroblasts and endothelial cells. Using serum-con-
taining media, such primary cultures rapidly resulted
in an overgrowth of mesenchymal cells and an even-
tual loss of the epithelial cell population. In our ex-
plant method, we observed that only the epithelial
cells spontaneously migrated from the duct frag-
ments and formed proliferating monolayer cultured
cells. The passage of these primary colonies of duct
epithelial cells never yielded an outgrowth of fibro-
blasts. Furthermore, we observed during subse-
quent passages that these epithelial cells main-
tained their proliferative activity only when they were

subcultured at low split-ratios. It is presumed that
cell-to-cell contacts are essential for these cells to
maintain their proliferative potential. This may explain
the difficulty of enriching epithelial cell populations in
primary cultures of enzyme-dissociated pancreatic
tissue.

The use of KSF medium for the long-term culture
of these cells was based on our knowledge of the
culture of normal human bronchial epithelial cells.21
This medium was originally formulated for the culture
of normal human keratinocytes but is also an excel-
lent medium for the growth of human bronchial epi-
thelial cells in vitro.30 Additional experiments are nec-
essary to determine which components/features of
KSF are critical for their ability to support the growth
of HPDE cells. It is possible that serum-containing
medium may also be used to grow these cells, as
Trautmann et al26 were able to culture enzyme-dis-
sociated human pancreatic duct cells for up to 5
weeks in RPMI 1640 medium containing 15% fetal
bovine serum. We have, however, tried several se-
rum-containing media, including one formulated to
culture human biliary duct epithelial cells,31 and
have found that they yielded a poorer growth for
these cells. Interestingly, primary cultured cells and
their subcultures grow equally well on tissue culture
plates with or without coating by type collagen or
matrigel, suggesting that these extracellular matri-
ces are not essential for the continuous proliferation
of these cells in vitro.

The HPV-16 and -18 and their E6-E7 genes have
been extensively used to immortalize human epithe-
lial cell lines of various origins.32 The E6 protein of
cancer-associated HPV inhibits the transcriptional
regulatory function of normal p53 protein by forming
a complex with it and promoting its degradation.33
The E7 protein also complexes with the p105lb, the
protein product of the retinoblastoma tumor suppres-
sor gene.34 These interactions putatively form the
basis for their immortalizing effects.32 In contrast to
the human fetal pancreatic duct epithelial cell lines,
which could be subcultured for only up to 5 pas-
sages before senescence,23 all of our HPDE/E6E7
cell lines have been subcultured for at least 9 pas-
sages before being frozen, and one of them has
become immortal and been propagated for up to 20
passages. We are currently analyzing the effect of
the HPV-16E6E7 gene transfection on the pheno-
typic expression of these cells, including their ability
to maintain the differentiated pancreatic duct cell
phenotypes.
The duct epithelium represents only a small pro-

portion of the epithelial cell population in the human
pancreas.35 Furthermore, it is difficult to obtain fresh



Culture of Human Pancreatic Duct Cells 1769
AJPJune 1996, Vol. 148, No. 6

normal adult human pancreata for experimental re-
search. These potential barriers have imposed a
significant limitation on our ability to study the role of
pancreatic duct epithelium in various human pancre-
atic diseases. We believe the ability to establish
primary culture and propagable cell lines from adult
human pancreatic duct epithelium may revolutionize
the study of diseases putatively related to human
pancreatic ducts, including carcinogenesis. These
cells could potentially be used to develop in vitro
models of multistage human pancreatic carcinogen-
esis to study, for example, the biological effects of
various abnormal genes/molecules putatively asso-
ciated with human pancreatic carcinogenesis. The
knowledge derived from these investigations may
resolve some of the controversies regarding the cell
of origin of human pancreatic ductal adenocarcino-
mas36,37 and facilitate the development of strategies
for the chemoprevention of human pancreatic can-
cers.

Addendum

Since the initial submission of this manuscript and
using the procedure described, we have success-
fully established another immortal HPDE-6/E6E7 cell
line from the normal pancreas portion of the speci-
men of a 63-year-old female undergoing partial pan-
createctomy for a cystadenocarcinoma in the tail of
her pancreas. This cell line has presently been prop-
agated to passage 18.
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