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Abstract
Background and aims—The poor progno-
sis of pancreatic cancer is partly due to
resistance to a broad spectrum of apop-
totic stimuli. To identify intact proapop-
totic pathways of potential clinical
relevance, we characterised the eVects of
interferon ã (IFN-ã) on growth and sur-
vival in human pancreatic cancer cells.
Methods—IFN-ã receptor expression and
signal transduction were examined by
reverse transcriptase-polymerase chain
reaction (RT-PCR), immunoprecipita-
tion, western blot analysis, and transacti-
vation assays. EVects on cell growth and
survival were evaluated in terms of cell
numbers, colony formation, cell cycle
analysis, DNA fragmentation, and poly-
(ADP ribose) polymerase (PARP) cleav-
age.
Results—All four pancreatic cancer cell
lines examined expressed functional
IFN-ã receptors and downstream eVec-
tors, including the putative tumour sup-
pressor interferon regulatory factor 1
(IRF-1). IFN-ã treatment profoundly in-
hibited anchorage dependent and inde-
pendent growth of pancreatic cancer cells.
Cell cycle analyses revealed subdiploid
cells suggesting apoptosis, which was con-
firmed by demonstration of DNA frag-
mentation and PARP cleavage. Time and
dose dependency of apoptosis induction
and growth inhibition correlated closely,
identifying apoptosis as the main, if not
exclusive, mechanism responsible for
growth inhibition. Apoptosis was pre-
ceded by upregulation of procaspase-1
and accompanied by proteolytic activa-
tion. Furthermore, the caspase inhibitor
z-vad-fmk completely prevented IFN-ã
mediated apoptosis.
Conclusions—These results identify an
intact proapoptotic pathway in pancreatic
cancer cells and suggest that IRF-1 and/or
procaspase-1 may represent potential
therapeutic targets to be further explored.
(Gut 2001;49:251–262)
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The type II cytokine interferon ã (IFN-ã) is
capable of eliciting potent growth inhibitory
eVects in a number of tumour models in vitro
and in vivo.1–5 Direct actions of IFN-ã on
tumour cells as well as indirect mechanisms

such as immunomodulation6 and antiangio-
genesis7 contribute to antiproliferative actions.
However, direct eVects appear to be highly tis-
sue and cell type specific. As IFN-ã receptors
are relatively ubiquitously expressed in diVer-
ent cell types,8 specific loss of biological
responsiveness in the context of malignant
transformation has been suggested and has
subsequently been demonstrated in lung
tumour, melanoma, and endothelial cells.9–11

IFN-ã exerts its biological eVects via cross
linking of a heterodimeric receptor, thereby
causing tyrosine phosphorylation of the recep-
tor associated tyrosine kinases Jak-1 and Jak-2.
These in turn phosphorylate the latent cy-
tosolic transcription factor Stat-1 at tyrosine
residues (reviewed by Bach and colleagues8 and
Platanias and Fish12). On phosphorylation,
Stat-1 proteins convert from the latent to the
DNA binding state, dimerise, and translocate
to the nucleus where they activate transcription
from IFN-ã response elements (GAS) and thus
induce changes in gene expression that are
thought to account for the pleiotropic cellular
eVects of IFN-ã.13

Key regulators of cellular growth control
have been shown to be diVerentially regulated
by IFN-ã in diverse cell models, leading to dis-
parate biological responses such as G1
arrest,14–17 S phase retardation,14 18 or induction
of apoptosis.19 In some models, the anti-
mitogenic actions of IFN-ã have been further
dissected at the cell cycle level and cell cycle
arrest in the early or late G1 phase was linked
to accumulation of the hypophosphorylated
growth restrictive form of the tumour suppres-
sor protein retinoblastoma protein (Rb). This
functional activation of Rb was attributed to
downregulation of G1 cyclins18 and/or induc-
tion of cyclin dependent kinase inhibitors
(CKIs) such as p21cip116 20 21 and/or p27kip1.22 23 In
addition, induction of the double stranded
RNA activated protein kinase (p68 PKR)24 and
downregulation of cellular c-myc25 levels were
reported, although these events were not asso-
ciated with phase specific cell cycle changes.

Abbreviations used in this paper: RT-PCR, reverse
transcriptase-polymerase chain reaction; PARP,
poly(ADP ribose) polymerase; TNF-á, tumour
necrosis factor á; DTT, dithiothreitol; IRF, interferon
regulatory factor; Rb, retinoblastoma protein; CKI,
cyclin dependent kinase inhibitor; PBS, phosphate
buVered saline; PBST, phosphate buVered
saline+0.1% Tween; FCS, fetal calf serum; PVDF,
polyvinyl difluoride; SDS-PAGE, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis.
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Recent interest has focused on IFN-ã medi-
ated induction of apoptosis. Apoptosis or pro-
grammed cell death is an active tightly
regulated process characterised by a set of
morphological and biochemical changes, in-
cluding chromatin condensation, internucleo-
somal DNA cleavage, membrane blebbing, and
the formation of apoptotic bodies.26 27 In spite
of diverse stimuli, apoptotic pathways eventu-
ally converge in the activation of a cascade of
well conserved cysteine proteases (caspases)
which act as principle executioners of the
apoptotic process.28 29 Caspases in general are
expressed as inactive proenzymes and become
proteolytically activated in response to proap-
optotic stimuli. Under physiological condi-
tions, apoptotic cell death is induced predomi-
nantly by stimulation of death domain
containing receptors such as Fas (CD 95) or
tumour necrosis factor á (TNF-á) which
have been demonstrated to be regulated by
IFN-ã.30 31 Also, modulation of HLA expres-
sion by IFN-ã indirectly regulates apoptosis by
targeting immunosurveillance mechanisms.32

In contrast, the relevance of direct proapototic
actions of IFN-ã in tumour cells remains con-
troversial, based on the striking diversity of
biological eVects in diVerent tumour entities
which range from potent apoptosis induc-
tion33 34 to antiapototic protection21 35 or IFN-ã
resistance.10 15 Moreover, the molecular deter-
minants of either apoptosis or cell cycle arrest
as alternative biological outcomes of IFN-ã
treatment are poorly understood and likely
intimately connected to the tumour specific set
of oncogenic alterations. As defects in G1 cell
cycle checkpoint control and/or apoptotic
pathways contribute to a varying extent to the
transformed phenotype of individual tumours,
it has proved diYcult to predict IFN-ã eVects
on a given tumour cell. Accordingly, the thera-
peutic potential of IFN-ã so far remains to be
evaluated for each tumour entity individually.

Pancreatic cancer is characterised by defec-
tive G1 control as a result of loss of p16 and
deficiency of apoptotic pathways due to loss of
the tumour suppressor p53.36 Additional de-
fects of apoptotic pathways appear likely in
view of the fact that pancreatic cancer cells are
resistant to a broad variety of proapototic
stimuli, such as most chemotherapeutic ap-
proaches and radiation therapy.37 As a conse-
quence, patients with advanced non-resectable
pancreatic cancer face a dismal prognosis with
median life expectancy measured in the range
of 4–6 months, which ranks pancreatic cancer
fifth as a cause of cancer related deaths in
Western countries.38

Thus an improved understanding of the
prevalent defects in cell cycle control and
apoptosis signalling as well as detection of
intact proapoptotic pathways may help to
delineate new improved strategies in the treat-
ment of pancreatic cancer. In view of the clini-
cal availability and known antiproliferative and
proapototic potential of IFN-ã, we tested the
actions of this cytokine in a representative
panel of human ductal pancreatic carcinoma
cell lines and defined the growth regulatory
mechanisms.

Materials and methods
MATERIALS

Dulbecco’s modified eagle medium, RPMI
1640 medium, phosphate buVered saline
(PBS), and Lipofectamine transfection reagent
were purchased from Gibco BRL (Berlin, Ger-
many). Fetal calf serum (FCS), trypsin/EDTA,
penicillin, and streptomycin were from Bio-
chrom (Berlin, Germany). Recombinant human
IFN-ã and the Cell Death Detection ELISA
were obtained from Boehringer Mannheim
(Mannheim, Germany). Z-vad-fmk and the
anti-poly(ADP ribose) polymerase (PARP)
antibody were purchased from Calbiochem/
Oncogene Research Products (Bad Soden,
Germany). Other primary antibodies were
from Santa Cruz Corporation (Santa Cruz,
California, USA) and secondary antibodies
from Dianova (Hamburg, Germany). Reagents
for western analysis were from BioRad Labora-
tories (Munich, Germany), except for protein
A-sepharose beads which were from Sigma
Chemical Co (Deisenhofen, Germany), poly-
vinyl difluoride (PVDF) membranes from NEN
(Köln, Germany), and nitrocellulose mem-
branes from Pharmacia Biotech (Freiburg,
Germany). Reverse transcriptase-polymerase
chain reaction (RT-PCR) reagents were from
Promega (Heidelberg, Germany). All other
reagents were obtained from Merck (Darm-
stadt, Germany).

CELL CULTURE

Human pancreatic carcinoma cell lines AsPc-1,
Capan-1, and Capan-2 were obtained from the
American Type Tissue Culture Collection.
Dan-G cells were provided by the Deutsches
Krebsforschungszentrum (Heidelberg, Ger-
many). AsPc-1, Capan-1, and Dan-G cells were
grown as subconfluent monolayer cultures in
RPMI 1640 medium supplemented with FCS
(AsPc-1, 20%; Capan-1, 15%; Dan-G, 10%),
and Capan-2 cells in Dulbecco’s modified eagle
medium supplemented with 10% FCS. All
media contained 100 U/ml penicillin/
streptomycin and 2 mM L-glutamine. Cells were
maintained in 95% air and 5% CO2 at 37°C.
Experiments were carried out in the log phase of
growth after cells had been allowed to attach
overnight.

RNA PREPARATION AND RT-PCR

Total RNA was prepared using RNAzol R rea-
gent (WAK Chemie, Bad Soden, Germany)
according to the manufacturer’s instructions.
RNA was submitted to DNAse digestion and
aliquots of 1 µg were used for reverse
transcription using Moloney murine leukaemia
virus RT. The following 5'-primers and 3'-
primers were designed complementary to the
nucleotide sequence of the human IFN-ã-
receptor á-chain: 5'-ACG-CAGAAGGAAGA
TGATTGTGACG-3' and 5'-TCTATTGGA
GTCAGATGGCTG-CCC-3'. The expected
size of the PCR amplificate was 559 bp. The
reaction was carried out in 10 mM Tris HCl
buVer (pH 8.3) containing 50 mM KCl, 0.01%
Triton X 100, 1 mM MgCl2, 200 µM of each
dNTP, 50 µM of each primer, and 2.5 U of
Thermus aquaticus DNA polymerase in a final
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volume of 50 µl. Amplification conditions for
35 cycles were as follows: denaturation for 30
seconds at 92°C, annealing at 60°C for 90 sec-
onds, and extension for 90 seconds at 72°C. An
additional 10 minute extension period was
added to the final cycle.

IMMUNOPRECIPITATION AND IMMUNOBLOTTING

Approximately 5×106 cells were washed twice
with PBS and lysed in 1 ml of immunoprecipita-
tion buVer (20 mM Tris (pH 7.8), 150 mM
NaCl, 2 mM EDTA, 50 mM â-glycerophos-
phate, 0.5% TNP 40, 1% glycerol, 1 mM
Na3Vo4, 1 mM DTT, 10 IU/ml aprotinin, 10
mM NaF, 2 µM leupeptin, and 2 mM
phenylmethylsulphonylfluoride). Lysates were
sonicated and left at 4°C for 30 minutes
followed by centrifugation at 15 000 g for 10
minutes. Aliquots of 1 mg of protein were then
pre-cleared for one hour with protein
A-Sepharose beads. Immunocomplexes were
collected on protein A-Sepharose coated with
saturating amounts of antibodies to Jak-1, Jak-2,
and Stat-1, respectively. Beads were subse-
quently washed five times with ice cold
immunoprecipitation buVer, boiled in Laemmli
sample buVer, separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to nitrocellulose
membranes. Non-specific binding was blocked
with wash buVer (10 mM Tris HCl, pH 7.6, 150
mM NaCl, EDTA, 0.05% Tween 20) contain-
ing bovine serum albumin (1%) and ovalbumin
(2%) for two hours at room temperature. Incu-
bation with the antiphosphotyrosine antibody (1
µg/ml) was carried out overnight at 4°C and was
followed by three washes in wash buVer at room
temperature. After incubation with goat anti-
mouse horseradish peroxidase conjugated sec-
ondary antibodies, membranes were washed
3×10 minutes in wash buVer and bands were
visualised by enhanced chemiluminescence
(ECL; Amersham). Membranes were stripped
in a solution of 62.5 mM Tris HCl, pH 6.8, 2%
SDS, and 100 mM â-mercaptoethanol for 30
minutes at 55°C and resubmitted to immuno-
blotting with the appropriate concentration of
primary antibody.

For analysis of Rb, pro-Caspase-1, and
interferon regulatory factor 1 (IRF-1), 20 µg
aliquots of the above lysates were submitted to
SDS-PAGE and blotted onto PVDF mem-
branes. Immunodetection was carried out
essentially as described, except that 5% non-fat
dry milk in PBS supplemented with 0.1%
Tween (PBST) was used for blocking and
PBST for all washing procedures.

TRANSIENT TRANSACTIVATION ASSAYS

Cells were plated in 35 mm culture dishes at
approximately 60% confluency. Transient
transfections were then carried out for 18
hours in Ultraculture medium (Bio Whittaker,
Walkersville, Maryland, USA) utilising 10 µl of
lipofectamine and 1.5 µg of the GAS-luciferase
construct per well. Cells were allowed to
recover for six hours in FCS supplemented
medium followed by stimulation with IFN-ã in
Ultraculture medium. After cell lysis, luciferase
activity was determined using luciferin, ATP,

and coenzyme A (Promega Systems, Man-
nheim, Germany), as recommended by the
manufacturer.

GROWTH ASSAYS

Anchorage dependent growth
Cells were plated in 24 well culture dishes at a
density of 15 000 cells/well and vehicle or
IFN-ã was added. At the indicated times, cells
were washed with PBS and harvested by
trypsinisation. Viable cells were identified by
trypan blue exclusion and counted in a haemo-
cytometer. Triplicate wells were analysed for
each condition.

Anchorage independent growth
Clonal growth of pancreatic tumour cells was
examined based on colony formation in agar
suspension, exactly as previously described.39

Briefly, 103 cells were plated as a single cell sus-
pension in methylcellulose and incubated over
10 days. Colonies were scored microscopically
with an arbitrary cut oV set at 30 cells
minimum.

FLOW CYTOMETRY

A total of 106 cells per condition were washed
in PBS and fixed in 70% ethanol at 4°C for one
hour followed by resuspension in 500 µl of
PBS. After addition of 10 µl RNase (10
mg/ml), cells were left for 30 minutes at 37°C
and stained with 10 µl propidium iodide (1
mg/ml). Cellular DNA content was deter-
mined for 10 000 cells on a FACScan utilising
“Cellquest” software (Becton Dickensen, Hei-
delberg). Cells with subdiploid DNA content
were quantitated.

DETERMINATION OF APOPTOSIS

Cells were plated in 15 cm dishes and treated
as indicated. Floating and adherent cells were
harvested, combined, and counted to be used
in apoptosis assays as follows.

Cleavage of poly (ADP-ribose) polymerase
(PARP)
Aliquots of 106 cells were lysed in 250 µl of
buVer containing 62.5 mM Tris/HCl (pH 6.8),
6 M urea, 10% glycerol, 2% SDS, 0.00125%
bromophenol blue, and 5% â-mercaptoethanol.
After sonication for 15 seconds and incubation
at 65°C for 15 minutes, lysates were separated
by SDS-PAGE. PARP immunodetection was
carried out as described above using the
anti-PARP antibody at a dilution of 1:1000.

DNA fragmentation
A total of 106 cells were digested at 37°C in
300 µl of lysis buVer (10 mM Tris HCl (pH
8.2), 400 mM NaCl, 2 mM EDTA, 1% SDS,
and 300 µg/ml protease K). An equal volume of
6 M NaCl was added and samples were vigor-
ously vortexed. After brief centrifugation at
2000 g, nucleic acids were precipitated from
supernatants by addition of two volumes of
ethanol. Pellets were solved in TE (10 mM
Tris HCl (pH 7.5) and 0.2 mM EDTA)
and incubated for 30 minutes at 37°C with
20 µg/ml RNase. DNA was separated on a
2% agarose gel.
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Cell Death Detection ELISA
Cells were incubated in lysis buVer supplied
with the Cell Death Detection ELISA plus
(Boehringer Mannheim, Mannheim, Ger-
many) and nuclei were separated from the
cytosolic fraction by centrifugation (five min-
utes, 2000 g). Cytoplasmic histone associated
DNA fragments were determined as described
by the manufacturer.

STATISTICAL ANALYSIS

Statistical analysis was performed by one way
ANOVA using the Newman-Keuls test (Prism,
Graph pad software, San Diego, California,
USA). DiVerences were considered significant
at p<0.01.

Results
HUMAN PANCREATIC CANCER CELLS EXPRESS

FUNCTIONAL IFN-ã RECEPTORS THAT ACTIVATE

THE Jak-Stat SIGNALLING PATHWAY

The responsiveness of tumour cells to IFN-ã
may vary due to loss or functional inactivation
of components of the IFN-ã signal transduc-
tion pathway. Therefore, IFN-ã signalling was

investigated in a panel of human pancreatic
cancer cell lines: AsPc-1, Capan-1, Capan-2,
and Dan-G.

Initially, we examined expression of IFN-ã
receptors by RT-PCR. Using specific primers
against the á-chain of the IFN-ã receptor, we
demonstrated PCR amplificates of the ex-
pected size, confirming that IFN-ã receptor
mRNA transcripts were present in all cell lines.
Additional PCR without prior reverse tran-
scription did not reveal amplificates, excluding
genomic contamination (fig 1).

To confirm that expression of IFN-ã recep-
tor mRNA translates into functionally compe-
tent surface receptors, ligand initiated signal
transduction was analysed next. Activation of
Jak kinases by IFN-ã was examined on
immunoprecipitates of Jak-1 and Jak-2 using
antiphosphotyrosine antibodies (fig 2A, B; top
panel). Bands of 130 kDa, representing phos-
phorylated Jak-1 and Jak-2 proteins, were first
apparent after one minute of IFN-ã stimulation
and further increased at five minutes. Although
phosphotyrosine bands in Capan-2 cells were
weak compared with the other cell lines, a
moderate increase in Jak1 and Jak2 phosphor-
ylation was also observed in response to IFN-ã
stimulation. Using an analogous immunopre-
cipitation approach, increased Stat-1 tyrosine
phosphorylation was evident at one, five, and
15 minutes (fig 2C; top panel). Both the 91
kDa (Stat-1á) and the 84 kDa (Stat-1â) splice
variants were phosphorylated, albeit the rela-
tive abundance of the 84 kDa form was
considerably lower and barely detectable in
Capan-2 cells. To ensure that equivalent
amounts of protein had been analysed in the
immunoprecipitations, immunoblots were
reprobed with anti-Jak-1, anti-Jak-2, and anti-
Stat-1 antibodies, respectively (fig 2A, B, C;
bottom panels).

Figure 1 Pancreatic cancer cells express interferon ã
receptor (IFN-ã-R) mRNA transcripts. Total mRNA was
extracted, reverse transcribed into cDNA, and amplified
using polymerase chain reaction with specific primers
directed against the IFN-ã-R á chain. Alternating lanes
represent reaction with (+) or without (−) addition of
reverse transcriptase (RT). The expected size of the
amplification product was 559 bp and a 100 bp DNA
standard was included for size determination (lane 1).
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Figure 2 Interferon ã (IFN-ã) activates the Jak-Stat signal transduction pathway in human pancreatic cancer cells. Cells
were stimulated with 500 IU/ml IFN-ã for the indicated time periods and Jak-1 (A), Jak-2 (B), and Stat-1 (C) were
immunoprecipitated (IP) from cell lysates. Immunoblots were performed to determine IFN-ã induced changes in the
phosphotyrosine content of Jak and Stat complexes (top panels). To ensure that equal amounts of protein had been
examined, the western blots (WB) were subsequently stripped and reprobed with Jak-1, Jak-2, or Stat-1 antibody,
respectively (bottom panels). Molecular masses were deduced from a molecular size marker electrophoresed in parallel.
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To verify that activation of the Jak-Stat path-
way results in activation of IFN-ã regulated
genes, transactivation of a GAS-luciferase
reporter construct was evaluated in transient
transfection assays. AsPc-1 cells were used as a
representative cell line in these experiments as
we repeatedly failed to achieve acceptable tran-
sient expression levels of the reporter construct
in the other cell lines. IFN-ã treatment dose
dependently induced luciferase activity (fig 3),
indicating that IFN-ã was capable of stimulat-
ing GAS dependent gene expression in human
pancreatic cancer cells.

IFN-ã INHIBITS ANCHORAGE DEPENDENT AND

ANCHORAGE INDEPENDENT GROWTH OF HUMAN

PANCREATIC CANCER CELLS

Having established functional IFN-ã signalling
in the cell lines investigated, we evaluated the
eVects of IFN-ã on pancreatic cancer cell
growth. To examine anchorage dependent
growth, cell numbers were determined over a
period of four days. During this time, control
cells grew exponentially whereas proliferation
of IFN-ã treated cultures (500 IU/ml) was pro-
foundly reduced in all four cell lines (fig 4A).
Growth inhibition was notably absent during
the first two days of IFN-ã treatment but
became apparent on day three in all cell lines.
However, once growth inhibition was detect-
able, two cell lines (Capan-1 and Capan-2)
presented a complete block in proliferation.

To determine if growth inhibition could be
achieved with therapeutically relevant concen-
trations of IFN-ã, a dose-response relation was
established after four days of IFN-ã treatment.
The antiproliferative action of IFN-ã was dose
dependent in all four cell lines although sensi-
tivity to IFN-ã varied with EC50 values below
10 IU/ml in AsPc-1 and approximately 50
IU/ml in Dan-G cells (fig 4B). Despite modest
Jak/Stat1 activation, proliferation of Capan 2
cells was strongly inhibited (15.7 (2.3)% of
control; EC50 32.6 (1.1) IU/ml).

Because growth of malignant tumours in
vivo is influenced by unique properties of
transformed cells more accurately examined in
anchorage independent growth assays, colony

Figure 3 Interferon ã (IFN-ã) stimulation results in
transactivation of a GAS driven reporter construct. AsPc-1
cells were transiently transfected with pGL2-GAS and
relative luciferase activity was measured after a 24 hour
period of IFN-ã stimulation with the indicated doses. Data
represent mean (SEM) values from at least three separate
experiments conducted in triplicate.
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formation in agar suspension was also evalu-
ated. IFN-ã treatment profoundly reduced the
number of colonies in the pancreatic cancer
cell lines studied (fig 4C), except for Dan-G
cells which do not form colonies. Again,
growth inhibition was dose dependent with
maximal decreases in colony number to 25.3
(0.6)% of control in AsPc-1 and 24.7 (3.2)% in
Capan-2 achieved with 1000 IU/ml and to 35.2
(8.7) in Capan-1 cells with 500 IU/ml IFN-ã.

THE ANTIPROLIFERATIVE ACTION OF IFN-ã IN
PANCREATIC CANCER CELLS IS DUE TO
INDUCTION OF APOPTOSIS

To identify potential mechanisms of IFN-ã
mediated growth inhibition, cell cycle distribu-
tion was monitored by flow cytometry (fig 5).
During a four day period the fraction of cells in
the individual cell cycle phases did not change
in untreated controls. In contrast, IFN-ã
treated cultures revealed an increased percent-
age of cells with subdiploid DNA content over
time, suggesting induction of apoptosis (fig
5A). A quantitative analysis of the DNA histo-
grams confirmed a substantial amount of cells

with subdiploid DNA content in IFN-ã treated
cultures with percentages ranging from 19.7
(3.1)% in AsPc-1 to 47.3 (5.8)% in Capan-1
cells after 96 hours of IFN-ã stimulation (fig
5B). In good agreement with the kinetics of
growth inhibition observed in substrate de-
pendent proliferation assays (correlation coef-
ficient r=0.9892 for Capan-1) this putative
population of apoptotic cells was first observed
after two days and then dramatically increased
with prolonged treatment (fig 5A, B). Also, the
extent and dose dependence of substrate
dependent growth inhibition and the appear-
ance of the pre-G1 population were almost
identical (r=0.9563 for Capan-1), suggesting
that apoptosis might fully account for the
reduction in cell numbers (fig 5C).

As the pre-G1 peak described above does not
provide conclusive evidence of apoptosis, we
performed experiments to corroborate IFN-ã
mediated apoptosis. Firstly, DNA integrity was
evaluated after four days. Whereas IFN-ã
treated cultures of all four cell lines presented
the typical DNA laddering, essentially no DNA
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Figure 5 Interferon ã (IFN-ã) treated pancreatic tumour
cells contain a subdiploid DNA complement. (A) Time
course of representative FACS analyses illustrating the cell
cycle distribution of pancreatic cancer cells under control
conditions (top panel) or in the presence of 500 IU/ml
IFN-ã (bottom panel). (B) Summary of IFN-ã induced
cell cycle redistribution. Mean (SEM) percentage of cells
with subdiploid DNA content were determined in three
independent experiments. *p<0.01 versus time matched
untreated controls. (C) Alignment of growth inhibition and
apoptosis.
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degradation was observed in untreated AsPc-1
and Capan-2 cells (fig 6A). Corresponding to
their relatively high rates of spontaneous apop-
tosis (see also fig 5), Capan-1 and Dan-G cells
revealed faint DNA laddering under control
conditions, which was however greatly en-
hanced by IFN-ã treatment.

DNA fragmentation was further confirmed
and quantitated in a complementary approach
using a histone ELISA with antibodies directed
against the DNA or the histone component of
the nucleosomes, respectively. Starting at 24
hours, cytoplasmic extracts of IFN-ã treated
cells revealed a distinct increase in DNA-
histone complexes compared with control cul-
tures (fig 6B). Thus the onset of DNA
fragmentation preceded the appearance of the
pre-G1 population observed in the FACS
analyses, most likely reflecting more sensitive
detection of cells that initiate DNA fragmenta-
tion in the histone ELISA.

PARP is an early target of active caspases in
apoptosis and the resulting 85 kDa cleavage
product may be used as a separate monitor of
apoptosis. In immunoblot analyses of control
cultures, PARP was detected nearly exclusively
as a 116 kDa band, representing the intact
PARP protein. In contrast, a prominent 85 kDa

band was time dependently induced in IFN-ã
treated cells (fig 6C). Again, the first eVects
were noted after 24 hours of IFN-ã treatment.
Similar to the DNA fragmentation assay, few
individual control cultures also revealed a weak
but distinct 85 kDa fragment indicative of
spontaneous apoptosis under tissue culture
conditions.

IFN-ã-MEDIATED APOPTOSIS DOES NOT REQUIRE

pRb REGULATION

In response to IFN-ã, pRb appears to function
as a determinant of G1 cell cycle arrest and as
a caspase substrate. Therefore, IFN-ã eVects
on cellular content and phosphorylation status
of pRb were examined (fig 7). Under control
conditions, pRb was detected primarily in its
hyperphosphorylated growth permissive form.
In none of the four cell lines did IFN-ã aVect
either expression or phosphorylation of pRb
within the first 12 hours. At later time points,
AsPc-1 and Capan-1 displayed marked hypo-
phosphorylation and a distinct reduction of
overall protein content consistent with apop-
totic degradation. In contrast, no alteration in
pRb was observed in Capan-2 or Dan-G cells.
Thus IFN-ã mediated apoptosis of pancreatic
cancer cells appeared to be independent of

Figure 6 Interferon ã (IFN-ã) induced DNA fragmentation and poly(ADP ribose) polymerase (PARP) cleavage in
human pancreatic cancer cell lines. (A) Cells were incubated for four days with 500 IU/ml IFN-ã (lanes 3, 5, 7, and 9) or
left untreated (lanes 2, 4, 6, and 8) and genomic DNA was subsequently analysed for oligonucleosomal fragmentation. For
size determination a 100 bp DNA standard was used (lane 1). (B) Cells were treated with vehicle or IFN-ã (500 IU/ml)
for the indicated time periods and examined using a specific histone DNA ELISA to quantitate DNA fragmentation. Mean
(SEM) absorbance at 405 nm relative to untreated controls was determined in three independent experiments, each
performed in triplicate. (C) Immunoblot demonstrating expression of PARP (p 116) and its apoptosis related cleavage
product p 85 in untreated controls and cells that had been treated with 500 IU/ml IFN-ã for the time periods indicated.
Alternating lanes represent IFN-ã treated (+) and untreated (−) cells. Whole cell lysates were separated by 7.5% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis.
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pRb. In addition, these data argue against a
pRb mediated G1 specific cell cycle inhibition
prior to the onset of apoptosis.

IFN-ã MEDIATED INDUCTION OF APOPTOSIS
INVOLVES UPREGULATION AND ACTIVATION OF
THE AMPLIFIER PROTEASE CASPASE-1

To evaluate the role of caspases in IFN-ã
induced apoptosis, we next tested the ability of
the caspase inhibitor z-vad-fmk to prevent
apoptosis. Cells were treated with a combina-
tion of IFN-ã and the caspase inhibitor, and
apoptosis was quantitated by flow cytometry
after three days. Addition of z-vad-fmk alone
did not change cell cycle distribution (data not
shown). However, the IFN-ã induced pre-G1
peak was completely abrogated by the caspase
inhibitor in all four cell lines (fig 8A, B).
Furthermore, prevention of apoptosis by

z-vad-fmk was dose dependent, as demon-
strated in experiments on Capan-1 cells (fig
8B).

Z-vad-fmk potentially inhibits caspases 1, 3,
4, and 7. Of these, caspase-1 is unique in that it
qualifies as an amplifier rather than an
executioner caspase and is located most proxi-
mal within the caspase cascade. Therefore,
changes in caspase-1 were investigated in
AsPc-1 and Dan-G cells as representative cell
lines. In view of the delayed onset of apoptosis,
changes in caspase expression rather than
activity were examined (fig 9A). In untreated
controls, weak bands of 45 kDa were detected,
corresponding to procaspase-1. Following
IFN-ã treatment, a time dependent distinct
induction of the 45 kDa band was observed
starting at six hours in AsPc1 and at 12 hours
in Dan-G cells, which then persisted through-
out the observation period of 72 hours.
Compared with their time matched controls,
IFN-ã treated cells displayed not only in-
creased abundance of the proform but also
bands of approximately 35 kDa (fig 9B),
indicative of enzyme activation.40 As the
caspase-1 antibody used does not recognise the
20 kDa mature processing product and the 10
kDa subunit of the mature active complex has
previously been shown to be highly instable,40

these smaller subunits were not detected.
Studies on the regulation of procaspase-1

expression have identified various regulatory
sites in the procaspase-1 promoter, including
an IRF-1 binding site. Therefore, eVects of
IFN-ã on IRF-1 expression were investigated
by immunoblotting (fig 9B). Bands of the
appropriate size of 48 kDa were barely detect-
able in either AsPc-1 or Dan-G control
cultures. Stimulation with IFN-ã resulted in a
profound increase in IRF-1 protein starting as
early as three hours. Subsequently, IRF-1 levels
remained elevated until the end of the observa-
tion period at three days. Thus induction of
IRF-1 preceded the manifestation of apoptosis.
Similar IRF-1 upregulation was observed in
Capan-1 and Capan-2 cells (data not shown).

Discussion
Induction of apoptosis represents a paramount
goal in cancer therapy. In contrast with other
common malignancies, pancreatic cancer is
characterised by resistance to a broad spectrum
of proapoptotic stimuli, such as chemotherapy
and radiation.37 Although prevalent genetic
alterations in pancreatic cancer have been speci-
fied, the basis for the striking deficiency in
apoptosis susceptibility remains to be eluci-
dated.36 41 Altered expression of Bcl 2 family
members is variably observed in histochemical
analysis of pancreatic tumour specimens and
studies utilising permanent human pancreatic
cancer cell lines, but the biological relevance of
these observations has remained contro-
versial.42–45 In addition, pancreatic cancer was
suggested to circumvent apoptosis mediated by
immunsurveillance mechanisms by means of
Fas ligand mediated counter attack.46

Using a representative panel of human pan-
creatic cancer cell lines, the current study
investigated the antiproliferative actions of

Figure 7 Interferon ã (IFN-ã) treatment regulates retinoblastoma protein (pRb)
phosphorylation and abundance in human pancreatic cancer cells. Immunoblot analysis
demonstrating the time course of changes in pRb expression and phosphorylation status in
control and IFN-ã stimulated human pancreatic cancer cells. In each lane, 20 µg of whole
cell lysates were separated by 7.5% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis. Shown is a representative of two experiments yielding similar results. pRb,
ppRb, hypo- and hyperphosphorylated forms of Retinoblastoma protein, respectively.
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IFN-ã. Responsiveness to IFN-ã varies consid-
erably between diVerent tumours and cell types
and IFN-ã resistance is common in some
tumour entities—for example, in mesothe-
lioma,47 ovarian,48 mammary,15 lung, and
melanoma cancer10 cells. This may be due to
reduced IFN-ã receptor expression during
malignant transformation, as has been sug-
gested in endothelial cells,11 or to deficient
downstream components in the IFN-ã signal-
ling pathway. A careful analysis of IFN-ã
resistant lung tumour cell lines revealed
functional inactivation of Jak2, loss of Jak-1,
and loss of the IFN-ã receptor á chain as
underlying molecular defects.10 Similarly, a
comparison of IFN-ã responsive or resistant
human mesothelioma cell lines connected the
failure of IFN-ã to inhibit DNA synthesis with
altered expression or activation of Jak-2 or
Stat-1 and low induction of IRF-1, respec-
tively.49 As tumour specific defects occur at all
steps of the IFN-ã signalling pathway, the indi-
vidual signalling components were carefully
analysed in the current study. Firstly, we dem-
onstrated the presence of IFN-ã receptor
mRNA transcripts. Secondly, we documented
expression of key eVectors of IFN-ã—that is,
Jak-1, Jak-2, and Stat-1—in pancreatic cancer
cells and their activation in response to ligand

stimulation. Thirdly, transactivation of a GAS
driven reporter construct and induction of an
endogenous IFN-ã inducible gene product
(IRF-1) were observed, establishing a function-
ally intact IFN-ã signalling pathway in all pan-
creatic cancer cell lines examined. Specifically,
Stat-1 and IRF-1 downstream eVectors are
well established critical mediators of IFN-ã
dependent growth inhibition50 51

When subsequently evaluated in anchorage
dependent and independent growth assays,
IFN-ã was indeed capable of profoundly
inhibiting proliferation of pancreatic cancer
cells. Remarkably, all four pancreatic cancer
cell lines were highly sensitive towards IFN-ã
and a significant antiproliferative eVect was
obtained in the range 8–30 IU/ml IFN-ã— that
is, within the range of therapeutically achiev-
able concentrations.52 The reasons for minor
diVerences between individual cell lines re-
garding sensitivity to and eYcacy of IFN-ã
action remain to be determined. Previous
reports suggested that the extent or kinetics of
activation of Jak-2 and Stat-1, respectively,
accounted for diVerential responsiveness of
mesothelioma cell lines towards IFN-ã.49 In
our study, we noted a comparably low eYcacy
of IFN-ã to induce activation of these eVectors
in Capan-2 cells. However, the strong induc-
tion of IRF-1 that was consistently observed in
all four pancreatic cell lines contradicts a linear
relation between Jak-Stat signalling and activa-
tion of growth relevant eVectors. Furthermore,
the growth inhibitory potential of IFN-ã in
Capan-2 cells was well within the range
observed in the other cell lines and specifically
exceeded the antiproliferative action in AsPc-1
cells.

IFN-ã treated pancreatic cancer cell cultures
typically completed one round of replication
without perceivable changes in cell cycle distri-
bution prior to the subsequent almost com-
plete block of proliferation. Thus their re-
sponse diVered from other cell models22 53 54

where a CKI mediated inhibition of cyclin
dependent kinase activity rapidly resulted in
G1 arrest on the basis of pRb hypophosphor-
ylation15 22 or pRb independent mechanisms.53

Of note, the lack of cell cycle redistribution did
not result from loss of pRb, as we documented
continued pRb expression in all cell lines.
Instead of cell cycle arrest, the appearance of
subdiploid cells in cell cycle analyses suggested
apoptosis induction, which was confirmed by
(i) demonstration of DNA fragmentation, (ii)
detection of the apoptotic 85 kDa PARP cleav-
age product, and (iii) functional requirement
for caspase activity. As the dose-response rela-
tionship of growth inhibition and induction of
apoptosis closely correlated, apoptosis prob-
ably constituted the main if not the exclusive
mechanism underlying IFN-ã mediated
growth inhibition.

The proapoptotic actions of IFN-ã were late
in onset, suggesting that delayed signalling
events such as synthesis of intermediary prod-
ucts were involved. Consistent with this
hypothesis we found IFN-ã mediated induc-
tion of caspase-1 prior to the onset of apopto-
sis. Within the caspase cascade, caspase-1

Figure 9 Interferon ã (IFN-ã) causes upregulation of procaspase-1 and interferon
regulatory factor 1 (IRF-1) in pancreatic cancer cell lines. (A) Cells were incubated with
vehicle or IFN-ã (500 IU/ml) for the indicated time periods. Aliquots of 20 µg of whole cell
lysate were separated by 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS PAGE) and subsequently incubated with an anticaspase antibody that recognises a
double band of the procaspase precursor form at approximately 45 kDa. (B) Immunoblot
revealing caspase-1 processing intermediates with the 35 kDa form indicative of activation.
Lysates were from AsPc-1 and Dan-G cells treated for 48 and 72 hours with 500 IU/ml
IFN-ã or time matched control cells. In Dan-G cells, top and bottom panels represent light
and darker exposures of the same blot. (C) Immunoblot analysis for IRF-1 expression. Cells
were incubated with vehicle or IFN-ã (500 IU/ml) for the indicated time periods. In each
lane, 20 µg of whole cell lysates were separated by 12% SDS-PAGE and IRF-1 expression
was determined using a monospecific antibody. Shown are representative blots of at least
two experiments.
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assumes an intermediary function between ini-
tiator and executioner caspases and has been
suggested as an amplifier of proapoptotic
signalling.28 Proteolytic cleavage of the inactive
procaspase-1 by upstream initiator caspases,
such as caspase-8 or caspase-9, represents the
prevalent mode of caspase-1 activation.28 29.
However, autocatalytical cleavage following
substantial endogenous or exogenous upregu-
lation of proenzyme expression may bypass the
requirement for upstream activators.55 56 Thus
IFN-ã mediated induction of procaspase-1 in
pancreatic cancer cells may trigger its activa-
tion and thereby initiate activation of down-
stream executioner caspases such as caspase-3.
An analogous IFN-ã mediated induction of
caspase-1 has previously been reported in
HeLa and A431 cells,55 vascular smooth
muscle cells,57 leukaemia cells,19 and Sertoli
cells.58 The functional relevance of caspase-1
activation for apoptosis initiation in pancreatic
cancer cells was underlined by the ability of the
caspase inhibitor z-vad-fmk to completely pre-
vent IFN-ã eVects. This is in good agreement
with results from studies on primary spleno-
cytes from caspase-1 (−/−) mice,55 providing
conclusive evidence for the requirement of
caspase-1 in IFN-ã dependent apoptosis in
these cells.

Analyses of the caspase-1 promoter have
revealed binding sites for IRF-1. IRF-1 itself
represents an immediate IFN-ã response prod-
uct59 60 critically involved in IFN-ã mediated
apoptosis as IFN-ã induced caspase-1 activa-
tion was completely abrogated in IRF-1
deficient mice.59 Furthermore, the growth
inhibitory action of IFN-ã in KG1 human
myelocytic leukaemia cells could be converted
into a proliferative stimulus by retroviral
expression of IRF-1 antisense.61 62 Also, resist-
ance to interferon induced apoptosis was asso-
ciated with IRF-1 gene rearrangements63 or
defective IRF-1 binding to the caspase-1
promotor64 in HCC cell lines or Daudi cells. In
pancreatic cancer cells, we demonstrated sus-
tained induction of IRF-1 protein content,
consistent with IRF-1 constituting the func-
tional link between IFN-ã initiated signalling
events and upregulation of procaspase-1. In
particular, the time course of IRF-1 induction
placed this event between early activation of
Stat-1 and delayed induction of procaspase-1.

Once procaspase-1 has been induced and
converted into the active caspase, proteolytic
activation of downstream eVector caspases
results. Caspase-3 represents one of the
biologically most relevant downstream targets
of caspase-1 as it functions to incapacitate or
destroy essential homeostatic pathways during
the eVector phase of apoptosis. Substrates
include endonuclease inhibitors,65 PARP,66 67

and most likely pRb.68 69 70 Consistent with the
caspase-1 dependent activation of caspase-3
described in the literature,28 we were able to
detect oligonucleosomal DNA fragmentation,
PARP cleavage, and pRb downregulation in
IFN-ã-treated pancreatic cancer cells. The
reduction in pRb protein levels was preceded
by a shift from the hyper to its hypophosphor-
ylated form. Similar regulation of pRb during

apoptosis has been extensively characterised in
human leukaemia cell lines,71 where it resulted
from dephosphorylation and subsequent deg-
radation triggered by an ICE-like protease.
Given the established antiapoptotic function of
pRb, this caspase mediated degradation was
proposed as an important intermediate step in
the execution of apoptosis. A role for pRb deg-
radation in the context of IFN-ã induced
apoptosis is supported by the observation that
reconstitution of pRb prevented apoptosis in
IFN-ã treated pRb deficient bladder carcinoma
cells.72 In the current study however only two of
four cell lines investigated presented appreci-
able pRb reduction although they uniformly
underwent apoptotic cells death, indicating
that IFN-ã mediated apoptosis of pancreatic
cancer cells can occur independent of pRb
degradation.

Other investigators have identified the dou-
ble stranded RNA dependent protein kinase
PKR as a critical parameter of IFN mediated
apoptosis induction.24 73 74 However, PKR in-
duction occurs in response to both type I and
type II interferons. As IFN-á treatment was
ineVective in inducing apoptosis in pancreatic
cancer cell lines75 but resulted in S phase cell
cycle delay (unpublished observation), a deci-
sive role of PKR induction for IFN-ã mediated
apoptosis versus cell cycle eVects appears
unlikely. None the less, PKR induction may be
a necessary intermediate step for either cell
fate, as was demonstrated for IFN-á dependent
G1 arrest in myeloid leukaemia cells,76 as well
as for IFN-ã dependent IRF-1 induction and
stress induced apoptosis in mouse embryo
fibroblasts of PKR(−/−) mice.24

Based on both clinical experience and in
vitro data, the relative resistance of pancreatic
cancer cells to conventional chemotherapy
and/or radiation as well as to many biothera-
peutic modalities is a disappointing although
well known fact. The tremendous increase in
our understanding of the regulation and
execution of apoptosis has produced a consid-
erable and successful eVort in revealing and
elucidating molecular changes that are respon-
sible for this “apoptosis resistance”. In accord-
ance with this, the current study delineated an
intact proapoptotic pathway in pancreatic can-
cer cells which was found to be activated in
response to the clinically available cytokine
IFN-ã. Specifically, IRF-1 and/or procaspase-1
may represent potential therapeutic targets to
be further explored in the treatment of pancre-
atic cancer. Furthermore, IFN-ã should be
evaluated in in vivo studies in animal models of
pancreatic cancer such that a valid basis for
considering its clinical use is obtained.

SR was supported by a grant from the Deutsche Forschungsge-
meinschaft (Ro674/13-1), Berliner Krebsgesellschaft, Deutsche
Krebshilfe, Wilhelm Sander Stiftung, and Sonnenfeld-Stiftung.
K Farwig was supported by the Sonnenfeld-Stiftung.

1 Rubin BY, Gupta SL. DiVerential eYcacies of human type I
and type II interferons as antiviral and antiproliferative
agents. Proc Natl Acad Sci USA 1980;77:5928–32.

2 Jia SF, Kleinerman ES. Antitumor activity of TNF-alpha,
IL-1, and IFN-gamma against three human osteosarcoma
cell lines. Lymphokine Cytokine Res 1991;10:281–4.

3 Palumbo A, Battaglio S, Napoli P, et al. Recombinant
interferon-gamma inhibits the in vitro proliferation of
human myeloma cells. Br J Haematol 1994;86:726–32.

260 Detjen, Farwig, Welzel, et al

www.gutjnl.com



4 Delvenne P, al Saleh W, Gilles C, et al. Inhibition of growth
of normal and human papillomavirus-transformed kerati-
nocytes in monolayer and organotypic cultures by
interferon-gamma and tumor necrosis factor-alpha. Am J
Pathol 1995;146:589–98.

5 Watanabe Y, Kuribayashi K, Miyatake S, et al. Exogenous
expression of mouse interferon gamma cDNA in mouse
neuroblastoma C1300 cells results in reduced tumorigenic-
ity by augmented anti-tumor immunity. Proc Natl Acad Sci
USA 1989;86:9456–60.

6 Boehm U, Klamp T, Groot M, et al. Cellular responses to
interferon-gamma. Annu Rev Immunol 1997;15:749–95.

7 Arenberg DA, Kunkel SL, Polverini PJ, et al. Interferon-
gamma-inducible protein 10 (IP-10) is an angiostatic
factor that inhibits human non-small cell lung cancer
(NSCLC) tumorigenesis and spontaneous metastases. J
Exp Med 1996;184:981–92.

8 Bach EA, Aguet M, Schreiber RD. The IFN gamma
receptor: a paradigm for cytokine receptor signaling. Annu
Rev Immunol 1997;15:563–91.

9 Rodig S, Kaplan D, Shankaran V, et al. Signaling and signal-
ing dysfunction through the interferon gamma receptor.
Eur Cytokine Netw 1998;9:49–53.

10 Kaplan DH, Shankaran V, Dighe AS, et al. Demonstration
of an interferon gamma-dependent tumor surveillance sys-
tem in immunocompetent mice. Proc Natl Acad Sci USA
1998;95:7556–61.

11 Maier JA, Morelli D, Balsari A. The diVerential response to
interferon gamma by normal and transformed endothelial
cells. Biochem Biophys Res Commun 1995;214:582–8.

12 Platanias LC, Fish EN. Signaling pathways activated by
interferons. Exp Hematol 1999;27:1583–92.

13 Decker T, Kovarik P, Meinke A. GAS elements: a few
nucleotides with a major impact on cytokine-induced gene
expression. J Interferon Cytokine Res 1997;17:121–34.

14 Kominsky S, Johnson HM, Bryan G, et al. IFNgamma inhi-
bition of cell growth in glioblastomas correlates with
increased levels of the cyclin dependent kinase inhibitor
p21WAF1/CIP1. Oncogene 1998;17:2973–9.

15 Harvat BL, Jetten AM. Gamma-interferon induces an
irreversible growth arrest in mid-G1 in mammary epithelial
cells which correlates with a block in hyperphosphorylation
of retinoblastoma. Cell Growth DiVer 1996;7:289–300.

16 Subramaniam PS, Johnson HM. A role for the cyclin-
dependent kinase inhibitor p21 in the G1 cell cycle arrest
mediated by the type I interferons (published erratum
appears in J Interferon Cytokine Res 1997;17:318). J
Interferon Cytokine Res 1997;17:11–15.

17 Ruemmele FM, Gurbindo C, Mansour AM, et al. EVects of
interferon gamma on growth, apoptosis, and MHC class II
expression of immature rat intestinal crypt (IEC-6) cells. J
Cell Physiol 1998;176:120–6.

18 Vadiveloo PK, Vairo G, Novak U, et al. DiVerential
regulation of cell cycle machinery by various antiprolifera-
tive agents is linked to macrophage arrest at distinct G1
checkpoints. Oncogene 1996;13:599–608.

19 Tamura T, Ueda S, Yoshida M, et al . Interferon-gamma
induces Ice gene expression and enhances cellular suscep-
tibility to apoptosis in the U937 leukemia cell line. Biochem
Biophys Res Commun 1996;229:21–6.

20 Arany I, Brysk MM, Calhoun KH, et al. DiVerentiation and
IFN gamma regulate WAF1/CIP1 transcription in p53-
independent and p53-dependent pathways in epithelial
cells. In Vivo 1996;10:119–23.

21 Xaus J, Cardo M, Valledor AF, et al. Interferon gamma
induces the expression of p21waf-1 and arrests macro-
phage cell cycle, preventing induction of apoptosis. Immu-
nity 1999;11:103–13.

22 Harvat BL, Seth P, Jetten AM. The role of p27Kip1 in
gamma interferon-mediated growth arrest of mammary
epithelial cells and related defects in mammary carcinoma
cells. Oncogene 1997;14:2111–22.

23 Matsuoka M, Nishimoto I, Asano S. Interferon-gamma
impairs physiologic downregulation of cyclin-dependent
kinase inhibitor, p27Kip1, during G1 phase progression in
macrophages. Exp Hematol 1999;27:203–9.

24 Der SD, Yang YL, Weissmann C, et al. A double-stranded
RNA-activated protein kinase-dependent pathway mediat-
ing stress-induced apoptosis. Proc Natl Acad Sci USA 1997;
94:3279–83.

25 Vairo G, Vadiveloo PK, Royston AK, et al. Deregulated
c-myc expression overrides IFN gamma-induced macro-
phage growth arrest. Oncogene 1995;10:1969–76.

26 Green DR. Apoptotic pathways: the roads to ruin. Cell
1998;94:695–8.

27 RaV M. Cell suicide for beginners. Nature 1998;396:119–
22.

28 Cohen GM. Caspases: the executioners of apoptosis.
Biochem J 1997;326:1–16.

29 Wolf BB, Green DR. Suicidal tendencies: apoptotic cell
death by caspase family proteinases. J Biol Chem 1999;274:
20049–52.

30 Nagata S. Fas-induced apoptosis. Intern Med 1998;37:179–
81.

31 Nagata S. Apoptosis by death factor. Cell 1997;88:355–65.
32 Dighe AS, Richards E, Old LJ, et al. Enhanced in vivo

growth and resistance to rejection of tumor cells expressing
dominant negative IFN gamma receptors. Immunity 1994;
1:447–56.

33 Kano A, Watanabe Y, Takeda N, et al. Analysis of
IFN-gamma-induced cell cycle arrest and cell death in
hepatocytes. J Biochem (Tokyo) 1997;121:677–83.

34 Brysk MM, Selvanayagam P, Arany I, et al. Induction of
apoptotic nuclei by interferon-gamma and by predesqua-
min in cultured keratinocytes. J Interferon Cytokine Res
1995;15:1029–35.

35 Drexler HG, Zaborski M, Quentmeier H. Interferon-
gamma induced proliferation of human myeloid leukaemia
cell lines. Br J Haematol 1997;98:699–710.

36 Perugini RA, McDade TP, Vittimberga FJ Jr, et al. The
molecular and cellular biology of pancreatic cancer. Crit
Rev Eukaryot Gene Expr 1998;8:377–93.

37 Rosewicz S, Wiedenmann B. Pancreatic carcinoma. Lancet
1997;349:485–9.

38 Bramhall SR, Allum WH, Jones AG, et al. Treatment and
survival in 13,560 patients with pancreatic cancer, and
incidence of the disease, in the West Midlands: an
epidemiological study. Br J Surg 1995;82:111–15.

39 Rosewicz S, Stier U, Brembeck F, et al. Retinoids: eVects on
growth, diVerentiation, and nuclear receptor expression in
human pancreatic carcinoma cell lines. Gastroenterology
1995;109:1646–60.

40 Yamin TT, Ayala JM, Miller DK. Activation of the native
45-kDa precursor form of interleukin-1-converting en-
zyme. J Biol Chem 1996;271:13273–82.

41 Rozenblum E, Schutte M, Goggins M, et al. Tumor-
suppressive pathways in pancreatic carcinoma. Cancer Res
1997;57:1731–4.

42 Makinen K, Hakala T, Lipponen P, et al. Clinical contribu-
tion of bcl-2, p53 and Ki-67 proteins in pancreatic ductal
adenocarcinoma. Anticancer Res 1998;18:615–18.

43 Hu YX, Watanabe H, Ohtsubo K, et al. Bcl-2 expression
related to altered p53 protein and its impact on the
progression of human pancreatic carcinoma. Br J Cancer
1999;80:1075–9.

44 Gansauge F, Gansauge S, Schmidt E, et al. Prognostic
significance of molecular alterations in human pancreatic
carcinoma—an immunohistological study. Langenbecks
Arch Surg 1998;383:152–5.

45 Wada M, Hosotani R, Lee JU, et al. An exogenous cdk
inhibitor, butyrolactone-I, induces apoptosis with in-
creased Bax/Bcl-2 ratio in p53-mutated pancreatic cancer
cells. Anticancer Res 1998;18:2559–66.

46 Ungefroren H, Voss M, Jansen M, et al. Human pancreatic
adenocarcinomas express Fas and Fas ligand yet are resist-
ant to Fas-mediated apoptosis. Cancer Res 1998;58:1741–
9.

47 Phan-Bich L, Buard A, Petit JF, et al. DiVerential
responsiveness of human and rat mesothelioma cell lines to
recombinant interferon-gamma. Am J Respir Cell Mol Biol
1997;16:178–86.

48 Burke F, Smith PD, Crompton MR, et al. Cytotoxic
response of ovarian cancer cell lines to IFN-gamma is asso-
ciated with sustained induction of IRF-1 and p21 mRNA.
Br J Cancer 1999;80:1236–44.

49 Buard A, Vivo C, Monnet I, et al. Human malignant
mesothelioma cell growth: activation of janus kinase 2 and
signal transducer and activator of transcription 1alpha for
inhibition by interferon-gamma. Cancer Res 1998;58:840–
7.

50 Bromberg JF, Horvath CM, Wen Z, et al. Transcriptionally
active Stat1 is required for the antiproliferative eVects of
both interferon alpha and interferon gamma. Proc Natl
Acad Sci USA 1996;93:7673–8.

51 Taniguchi T, Lamphier MS, Tanaka N. IRF-1: the
transcription factor linking the interferon response and
oncogenesis. Biochim Biophys Acta 1997;1333:M9–17.

52 Foon KA, Sherwin SA, Abrams PG, et al. A phase I trial of
recombinant gamma interferon in patients with cancer.
Cancer Immunol Immunother 1985;20:193–7.

53 Hobeika AC, Etienne W, Cruz PE, et al. IFNgamma induc-
tion of p21WAF1 in prostate cancer cells: role in cell cycle,
alteration of phenotype and invasive potential. Int J Cancer
1998;77:138–45.

54 Chin YE, Kitagawa M, Su WC, et al. Cell growth arrest and
induction of cyclin-dependent kinase inhibitor p21 WAF1/
CIP1 mediated by STAT1. Science 1996;272:719–22.

55 Chin YE, Kitagawa M, Kuida K, et al. Activation of the
STAT signaling pathway can cause expression of caspase 1
and apoptosis. Mol Cell Biol 1997;17:5328–37.

56 Miura M, Zhu H, Rotello R, et al. Induction of apoptosis in
fibroblasts by IL-1 beta-converting enzyme, a mammalian
homolog of the C. elegans cell death gene ced-3. Cell 1993;
75:653–60.

57 Horiuchi M, Yamada H, Akishita M, et al. Interferon regula-
tory factors regulate interleukin-1beta-converting enzyme
expression and apoptosis in vascular smooth muscle cells.
Hypertension 1999;33:162–6.

58 Kanzaki M, Morris PL. Identification and regulation of tes-
ticular interferon-gamma (IFNgamma) receptor subunits:
IFNgamma enhances interferon regulatory factor-1 and
interleukin-1beta converting enzyme expression. Endo-
crinology 1998;139:2636–44.

59 Tamura T, Ishihara M, Lamphier MS, et al. DNA damage-
induced apoptosis and Ice gene induction in mitogenically
activated T lymphocytes require IRF-1. Leukemia 1997;
11(suppl 3):439–40.

60 Tamura T, Ishihara M, Lamphier MS, et al. An IRF-1-
dependent pathway of DNA damage-induced apoptosis in
mitogen-activated T lymphocytes. Nature 1995;376:596–9.

61 Sato T, Selleri C, Young NS, et al . Inhibition of interferon
regulatory factor-1 expression results in predominance of
cell growth stimulatory eVects of interferon-gamma due to
phosphorylation of Stat1 and Stat3. Blood 1997;90:4749–
58.

Interferon ã and growth of human pancreatic carcinoma cells 261

www.gutjnl.com



62 Sato T, Selleri C, Young NS, et al . Hematopoietic inhibition
by interferon-gamma is partially mediated through inter-
feron regulatory factor-1. Blood 1995;86:3373–80.

63 Tada S, Saito H, Tsunematsu S, et al. Interferon regulatory
factor-1 gene abnormality and loss of growth inhibitory
eVect of interferon-alpha in human hepatoma cell lines. Int
J Oncol 1998;13:1207–16.

64 Iwase S, Furukawa Y, Kikuchi J, et al. Defective binding of
IRFs to the initiator element of interleukin-1beta-
converting enzyme (ICE) promoter in an interferon-
resistant Daudi subline. FEBS Lett 1999;450:263–7.

65 Wolf BB, Schuler M, Echeverri F, et al. Caspase-3 is the pri-
mary activator of apoptotic DNA fragmentation via DNA
fragmentation factor-45/inhibitor of caspase-activated
DNase inactivation. J Biol Chem 1999;274:30651–6.

66 Simbulan-Rosenthal CM, Rosenthal DS, Iyer S, et al.
Involvement of PARP and poly(ADP-ribosyl)ation in the
early stages of apoptosis and DNA replication. Mol Cell
Biochem 1999;193:137–48.

67 Kaufmann SH, Desnoyers S, Ottaviano Y, et al. Specific
proteolytic cleavage of poly(ADP-ribose) polymerase: an
early marker of chemotherapy-induced apoptosis. Cancer
Res 1993;53:3976–85.

68 An B, Dou QP. Cleavage of retinoblastoma protein during
apoptosis: an interleukin 1 beta-converting enzyme-like
protease as candidate. Cancer Res 1996;56:438–42.

69 Janicke RU, Walker PA, Lin XY, et al. Specific cleavage of
the retinoblastoma protein by an ICE-like protease in
apoptosis. EMBO J 1996;15:6969–78.

70 Tan X, Wang JY. The caspase-RB connection in cell death.
Trends Cell Biol 1998;8:116–20.

71 Dou QP, An B. RB and apoptotic cell death. Front Biosci
1998;3:d419–30.

72 Berry DE, Lu Y, Schmidt B, et al. Retinoblastoma protein
inhibits IFN-gamma induced apoptosis. Oncogene 1996;12:
1809–19.

73 Balachandran S, Kim CN, Yeh WC, et al. Activation of the
dsRNA-dependent protein kinase, PKR, induces apoptosis
through FADD-mediated death signaling. EMBO J
1998;17:6888–902.

74 Lee SB, Rodriguez D, Rodriguez JR, et al. The apoptosis path-
way triggered by the interferon-induced protein kinase PKR
requires the third basic domain, initiates upstream of Bcl- 2,
and involves ICE-like proteases. Virology 1997;231:81–8.

75 Rosewicz S, Weder M, Kaiser A, et al. Antiproliferative
eVects of interferon alpha on human pancreatic carcinoma
cell lines are associated with diVerential regulation of pro-
tein kinase C isoenzymes. Gut 1996;39:255–61.

76 Raveh T, Hovanessian AG, Meurs EF, et al. Double-
stranded RNA-dependent protein kinase mediates c-Myc
suppression induced by type I interferons. J Biol Chem
1996;271:25479–84.

1st Asia Pacific Forum on Quality Improvement in Health Care

Three day conference

Wednesday 19 to Friday 21 September 2001

Sydney, Australia

We are delighted to announce this forthcoming conference in Sydney. Authors are invited to
submit papers (call for papers closes on Friday 6 April), and delegate enquiries are welcome.

The themes of the Forum are:

x Improving patient safety
x Leadership for improvement
x Consumers driving change
x Building capacity for change: measurement, education and human resources
x The context: incentives and barriers for change
x Improving health systems
x The evidence and scientific basis for quality improvement.

Presented to you by the BMJ Publishing Group (London, UK) and Institute for Healthcare
Improvement (Boston, USA), with the support of the the Commonwealth Department of
Health and Aged Care (Australia), Safety and Quality Council (Australia), NSW Health
(Australia), and Ministry of Health (New Zealand).

For more information contact: quality@bma.org.uk or fax +44 (0)20 7383 6869

262 Detjen, Farwig, Welzel, et al

www.gutjnl.com


