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Dual oxidase 2 is amember of theNADPHoxidase (Nox) gene
family that plays a critical role in the biosynthesis of thyroid
hormone as well as in the inflammatory response of the upper
airway mucosa and in wound healing, presumably through its
ability to generate reactive oxygen species, including H2O2. The
recently discovered overexpression of Duox2 in gastrointestinal
malignancies, as well as our limited understanding of the regu-
lation of Duox2 expression, led us to examine the effect of cyto-
kines and growth factors on Duox2 in human tumor cells. We
found that exposure of human pancreatic cancer cells to IFN-�
(but not other agents) produced a profound up-regulation of
the expression of Duox2, and its cognate maturation factor
DuoxA2, but not other members of the Nox family. Further-
more, increased Duox2/DuoxA2 expression was closely associ-
ated with a significant increase in the production of both
intracellular reactive oxygen species and extracellular H2O2.
Examination of IFN-�-mediated signaling events demonstrated
that in addition to the canonical Jak-Stat1 pathway, IFN-� acti-
vated the p38-MAPK pathway in pancreatic cancer cells, and
both played an important role in the induction of Duox2 by
IFN-�. Duox2 up-regulation following IFN-� exposure is also
directly associated with the binding of Stat1 to elements of the
Duox2 promoter. Our findings suggest that the pro-inflamma-
tory cytokine IFN-� initiates aDuox2-mediated reactive oxygen
cascade in human pancreatic cancer cells; reactive oxygen spe-
cies production in this setting could contribute to the patho-
physiologic characteristics of these tumors.

It has been suggested that pancreatic inflammation acceler-
ates the development and progression of pancreatic cancer,
possibly due to cytokine release and generation of reactive oxy-
gen species (ROS)2 (1–4). Recently, pancreatic tumor cells of

epithelial origin have been shown to produce appreciably
higher concentrations of ROS than their normal cellular coun-
terparts (5). Thus, during recurring episodes of chronic pancre-
atitis, cytokine-related ROS production could both increase
genomic instability, as well as diminish the tumor suppressor
function of serine/threonine and tyrosine phosphatases that
modulate malignant transformation and cellular proliferation
(6). Although at high concentrations ROS can be cytotoxic,
physiologic ROS levels play a critical role in the control of
tumor cell growth, differentiation, and signal transduction (7).
Although ROS are primarily a by-product of aerobic metabo-
lism in mammalian cells, the recently discovered family of epi-
thelial NADPH oxidases (reduced nicotinamide adenine dinu-
cleotide phosphate oxidases (Noxs)), contributes significantly
to intracellular ROS production in tumor cells (8, 9).
Dual oxidase 2 (Duox2) belongs to theNox family of oxidases

that is composed of six additional enzymes, including Nox1–5
and dual oxidase 1 (Duox1) (10). Duox2 was originally identi-
fied in the thyroid as the H2O2-generating enzyme responsible
for thyroid hormone biosynthesis (11). Very recently, Duox2
also has been found in upper airway mucosa, ducts of the sali-
vary gland, and throughout the gastrointestinal tract (7, 12, 13).
Duox2 is a membrane glycoprotein with a unique N-terminal
heme peroxidase-like domain as well as a membrane-spanning
NAD(P)H oxidase domain, with an additional cytosolic seg-
ment containing two calcium-binding domains that generate
H2O2 in the extracellular milieu (14, 15). The associated dual
oxidase maturation factor 2 (DuoxA2), an endoplasmic reticu-
lum-resident protein, is absolutely necessary for post-transla-
tional processing and translocation of Duox2 to the plasma
membrane to initiate functional enzymatic activity (16). In
addition to its role in thyroid hormone biosynthesis, other sug-
gested functions for Duox2 include host defense, promotion of
wound healing, and maintenance of airway homeostasis (17–
21). Clarification of the contribution of Duox2 to pancreatic
cancer could help to identify a novel molecular target for early
intervention in this condition.
Interferon-� (IFN-�) is a soluble cytokine that plays an

important role in innate and adoptive immunity against viral
and intracellular bacterial targets (22). IFN-� also inhibits
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tumor cell growth by activating distinct cellular signaling pro-
grams leading to transcriptional control over a large numbers of
genes. It has been documented that IFN-� can stimulate ROS
production in human neutrophils, monocytes, and macro-
phages through transcriptional up-regulation of the gp91phox

and p67phox subunits of the multicomponent NADPH oxidase
complex (23). Recent studies have also demonstrated that
IFN-� up-regulates the expression of Duox2 in papilloma
virus-immortalized human tracheobronchial epithelial cells
(13, 18). In the studies reported here, we have addressed specific
biological effects of IFN-� in the context of Duox2-mediated
reactive oxygen production in human pancreatic tumor cells.
IFN-� binding to its cell surface receptors IFN�R1 and

IFN�R2 results in oligomerization of the receptors and activa-
tion of the receptor-associated tyrosine kinases, Jak1 and Jak2
(24). Upon phosphorylation by Jak1, Stat1 transduces the signal
into transcriptional events. Phosphorylation of the tyrosine 701
moiety of Stat1 enables Stat1 to form homodimers; transloca-
tion of the complex to the nucleus and subsequent binding to
the GAS promoter element leads to an increased expression of
IFN-�-stimulated genes (25). Besides the tyrosine 701moiety of
Stat1, phosphorylation of Ser727 on Stat1 is also necessary for its
full transcriptional activity (26).
Recent studies have shown that IFN-� signaling also activates

several other kinases in addition to the Jaks. For example, IFN-�
engagement with its cell surface receptors can activate phos-
phoinositide 3-kinase (PI3K) and the mitogen-activated pro-
tein kinase (MAPK) cascades (27). Through MAPK, IFN-�
further activates p38 mitogen-activated protein kinase (p38-
MAPK) to induce gene transcription. The activation of these
signaling pathways can lead to phosphorylation of Stat1 on
Ser727, increasing its transcriptional efficacy and the phosphor-
ylation of other substrates, resulting in stimulation of alternate
signal transduction cascades that support Stat1-dependent
gene transcription (25).
Because of the proposed growth stimulatory and pro-inflam-

matory roles of Duox2, we investigated whether pro-inflamma-
tory cytokines or growth factors could affect Duox2 activity.
Among several pancreatic cancer lines evaluated, BxPC-3 and
AsPC-1 cells are specifically responsive to IFN-� for the induc-
tion of both Duox2 and DuoxA2 mRNA, in a time-dependent
manner. Assays for both intra- and extracellular ROS produc-
tion confirmed that IFN-�-inducedDuox2 andDuoxA2mRNA
expression correlates with Duox2 enzymatic activity in BxPC-3
cells. We hypothesized that Duox2-dependent ROS could play
an important role in cancer cell signal transduction, as well as
inflammation. Thus, in this article, we examined IFN-�-medi-
ated signaling events that could regulate Duox2 expression.
Our experiments revealed that in addition to the canonical Jak-
Stat1 pathway, IFN-� also activates the p38 MAPK pathway to
sustain Ser727 phosphorylation of Stat1. Pharmacological inhi-
bition, as well as genetic manipulation, of p38 MAPK activity
abrogated Ser727 phosphorylation of Stat1 and down-regulated
Duox2 expression by IFN-�, suggesting that p38 MAPK is
upstream of Stat1. Hence, p38 MAPK activation by IFN-�
appears to play an important role in IFN-�-induced Duox2
expression in BxPC-3 cells.

In summary, our results suggest that stimulation of the Stat1
pathway by IFN-�-mediated up-regulation of Duox2 may play
an important role in the generation of high local concentrations
of extracellular ROS that could contribute to a pro-inflamma-
tory milieu in the pancreas. Considering the essential role ROS
play in mediating cell signaling, cell proliferation, survival, and
apoptosis, our findingsmayhelp to identify a pathway that plays
a critical role in the pathologic behavior of human pancreatic
tumor cells.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human cytokines
IFN-�, IFN-�, IFN-�, TNF-�, IL-6, and growth factors EGF,
HGF, and TGF-� were purchased from R & D Systems. Cyto-
kines and growth factors were dissolved in phosphate-buffered
saline (PBS) with 1% bovine serum albumin (BSA) and added
directly to the culture medium. For untreated control condi-
tions, the same amount of PBS, 1% BSA, without cytokine or
growth factor, was added to the medium. Diphenyleneiodo-
nium chloride (catalog number D-2926), cycloheximide (cata-
log number C-7968), actinomycin D (catalog number A-9415),
and human �-actin antibody (catalog number A3853) were
purchased from Sigma; ionomycin (catalog number 407952),
U0126 (catalog number 662005), SB203580 (catalog number
559389), AG490 (catalog number 658401), and BAPTA-AM
(catalog number 196419) were from EMD Chemicals; IRF-1
(sc-497), Stat1 p84/p91 (sc-346), IRF-2 (catalog number
sc-101069), and IRF-3 (catalog number sc-33641) antibodies
were from Santa Cruz Biotechnology; p-Stat1(Ser727) (catalog
number 9177S), Stat3 (catalog number 9132), p-Stat3(Tyr705)
(catalog number 9131S), phospho-p38 MAPK(Thr180/Tyr182)
(catalog number 9215L), p-Stat1(Tyr701) (catalog number
9167L), p38 MAPK (catalog number 9212), phospho-p44/42
MAPK (Thr202/Tyr204) (catalog number 9101L), and p44/42
MAPK (catalog number 9102) antibodies were from Cell Sig-
naling Technology. Stealth RNAi Negative Control Duplexes
(catalog number 12935-100), StealthTM siRNA duplex for
Duox2 (catalog number Duox2-HSS121309), Stat1 validated
Stealth RNAi DuoPak (catalog number 45-1698), and siRNA
for IRF-1 (catalog number s7501) were from Invitrogen. The
human Nox1–5 primers including Nox1 (catalog number
Hs00246589), Nox2 (catalog number Hs00166163), Nox3
(catalog number Hs00210462), Nox4 (catalog number
Hs00276431), Nox5 (catalog number Hs00225846), as well as
the primers for human Duox1 (catalog number Hs00213694),
Duox2 (catalog number Hs00204187_m1), and DuoxA2 (cata-
log number Hs01595310_m1), TaqMan Universal PCR mix
(catalog number 4364340), human actin primer (catalog num-
ber Hs99999903_m1), human Stat1 primer (catalog number
Hs00234829_m1), and the human IRF-1 primer (catalog num-
ber Hs00971959_m1) were purchased from Applied Biosys-
tems. The QuikChIP Kit (catalog number 3010K) was from
Imgenex.Mouse anti-humanDuox2monoclonal antibody S-40
was developed by Creative Biolabs, Port Jefferson Station, NY,
using the following procedure. A 53-kDa protein correspond-
ing to a human Duox2 131–540 amino acid fragment was
expressed inEscherichia coli. The proteinwas purified andused
as the antigen to produce a monoclonal antibody. Several
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approaches were used to validate the human Duox2 antibody.
These included: (a) transient and stable transfection of HA-
tagged humanDuox2 intoCOS-7 andMIA-PaCa cells, with the
performance of Western analysis using an antibody raised
against the HA tag, as well as our Duox antibody; (b) the use of
Duox2 siRNA silencing experiments in IFN-�-treated BxPC-3
cells; these studies revealed that Duox protein and enzymatic
activity corresponded very well with the level of Duox2 mRNA
expression; and (c) we also performed immunofluorescence
microscopy to demonstrate coincident cellular expression
using an antibody against our HA tag and our Duox antibody in
MIA-PaCa cells that were transfected with the HA-tagged
human Duox2 expression vector. In the course of the experi-
ments to validate this antibody, it was found to cross-react with
Duox1. Thus, we have referred to the protein detected by our
antibody as “Duox.” 2�,7�-Dichlorodihydrofluorescin diacetate
(H2-DCF-DA) was obtained fromMolecular Probes (Carlsbad,
CA).
Cell Culture—The human pancreatic cancer cell lines

BxPC-3 (catalog number CRL-1687), AsPC-1 (catalog number
CRL-1682), MIA-PaCa (catalog number CRL-1420), and
PANC-1 (catalog number CRL-1469), and two other epithelial
cell lines, HeLa (catalog number CCL-2) and HT-29 (catalog
number HTB-38), were purchased fromATCC,Manassas, VA.
All cell lineswere cultured usingATCCrecommendedmedium
with 10%FBS. For starvation conditions, cells were grown over-
night in the same medium without FBS. We chose to use star-
vation conditions because although we observed the induction
of Duox2 expression by IFN-� under both serum-containing
and serum-starved conditions, after starvation, the induction of
Duox2 was stronger. Cells were cultured in a humidified incu-
bator at 37 °C in an atmosphere of 5% CO2 in air.
RNA Extraction, cDNA Synthesis, and Quantitative Real

Time PCR Assay—Total RNA was extracted from IFN-�-
treated or untreated BxPC-3 cells using the RNeasy Mini Kit
(catalog number 74104 from Qiagen) following the manufac-
turer’s instructions. Two �g of total RNA was used for cDNA
synthesis using SuperScript II reverse transcriptase (catalog
number 18080-044) and random primers (catalog number
48190-011, Invitrogen) in a 20-�l reaction system, with the fol-
lowing cycles: 25 °C for 5min, 42 °C for 50min, 75 °C for 5min.
After reaction, the RT-PCR products were diluted with diethyl
pyrocarbonate/H2O to 100 �l for the real time PCR. Real time
RT-PCR was performed on 384-well plates in a 20-�l reaction
system containing 2�l of diluted cDNA, 1�l of primermixture,
7 �l of H2O, and 10 �l of TaqMan 2� in reaction mixture. The
PCR was carried out using the default cycling conditions, and
fluorescence was detected with the ABI 7900HT sequence
detection system (Applied Biosystems, Foster City, CA). Trip-
licate determinations were performed for each sample that was
used for the real time PCR; the mean value was calculated, and
the data in the final figures represents three independent exper-
iments. Relative gene expression was calculated as the ratio of
the target gene to the internal reference gene (�-actin) multi-
plied by 103 based on the Ct values.
Whole Cell Extract (WCE) Preparation andWestern Analysis—

Cell pellets from BxPC-3 cells treated with or without IFN-�
were lysed with 1� RIPA lysis buffer (catalog number 20–188,

Millipore, Temecula, CA) with the addition of a phosphatase
inhibitor tablet (Roche Applied Science, catalog number
04-906-837001) and a protease inhibitor tablet (Roche, catalog
number 11-836-153001). The protein concentration of the
WCE was measured using the BCA protein assay kit (Pierce).
WCE was mixed with an equal volume of 2� SDS protein gel
loading buffer (catalog number 351-082-661, Quality Biologi-
cal); 50 �g of WCE was loaded onto a 4–20% Tris glycine gel
(Invitrogen, catalog number EC6028), and the proteins were
separated and electrophoretically transferred to nitrocellulose
membranes using I Blot gel transfer stacks (Invitrogen, catalog
number IB 3010-01). The membranes were blocked in 1�
TBST buffer with 5% nonfat milk for 1 h at room temperature
and then incubated with primary antibody overnight in TBST
buffer.Membraneswerewashed three times in 1�TBSTbuffer
and incubated with horseradish peroxidase-conjugated sec-
ondary antibody for 1 h at room temperature with shaking. The
antigen-antibody complex was visualized with SuperSignal
West Pico Luminol/Enhancer Solution (catalog number
1856136, Thermo Scientific). To evaluate Duox2 expression,
the WCE was mixed with an equal volume of 2� SDS loading
buffer without boiling; for other proteins, the mixture of cell
extract with loading buffer was boiled for 5 min. As noted by
others3 and our laboratory, Duox2 forms an aggregate upon
heating of theWCEs; themobility of theDuox2 protein ismuch
slower with boiling than when the WCEs are not boiled.
Chromatin Immunoprecipitation (ChIP)—ChIP assays to

detect the binding of Stat1 on theDuox2 promoterwere carried
out using the QuikChip Kit (catalog number 30101K, Imgenex,
SanDiego, CA) following themanufacturer’s protocol. In short,
starved BxPC-3 cells treated with or without IFN-� were cross-
linked using 1% formaldehyde; the cross-linkingwas stopped by
adding glycine at a final concentration of 125 mM to the medi-
um; then the cells were harvested and resuspended in 1� SDS
lysis buffer. The suspended cells were sonicated with 10 pulses
of 20 s each, with a 30-s rest on ice between each pulse, using
Sonic Dismembrator model 100 from Fisher Scientific to pro-
duce 200–1000-bp genomic DNA fragments. For immunopre-
cipitation, Stat1 antibody or normal rabbit IgG antibody from
Santa Cruz were used to pull down the cross-linked DNA pro-
tein complex, which was recovered using the QIAquick PCR
purification kit (catalog number 28104, Qiagen). The purified
DNA was used as a PCR template to amplify the Stat1 target
sequence in the human Duox2 promoter. The primer
sequences were as follows: 5�-AAACCAGAGTCCCCAA-
GACC-3� and 5�-GGAGTGAAGGTGGTGGAAGA-3�. The
resulting PCR products were 232 bp in length.
Intracellular ROS Detection by Confocal Microscopy—For

intracellular ROS detection by confocal microscopy (28, 29),
BxPC-3 cells were seeded in 6-well plates at a density of 1� 106
cells per well in growth medium overnight. The next day,
medium was changed to remove serum, and serum-free
medium with different concentrations of IFN-� was added.
Cells were incubated for another 24 h. Following treatment
with IFN-�, the cells were washed twice with phosphate-buff-

3 H. Grasberger, University of Chicago, personal communication.
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ered saline (PBS, pH 7.4), and 10 �M H2-DCF-DA in PBS was
applied to live cells for 5 min at 37 °C in the dark on the stage of
a confocal microscope. H2-DCF-DA diffuses into cells where
the free, non-fluorescent 2�,7�-dichlorodihydrofluorescein in
the cytoplasm is oxidized to the green fluorescent moiety,
dichlorofluorescein, by intracellular ROS. H2-DCF-DA-loaded
cells were rinsed twice in PBS, and then either stimulated with
1�M ionomycin or exposed tomedium for 5min at 37 °C in the
dark. Confocal microscopy was performed using an Olympus
Fluoview scanning unit equipped with an argon-krypton laser
at 488 nm mounted on an Olympus reflected fluorescence
microscope (Olympus, Nagano, Japan). During scanning of
H2-DCF-DA-loaded cells, we observed that prolonged (more
than 5 s) irradiation with the xenon lamp or slow scanning
with the 488-nm laser line causes probe oxidation and an
artifactual increase in fluorescence. To avoid this artifact, the
cells were initially brought into focus using standard epifluores-
cence (xenon lamp excitation). Then the epifluorescence was
switched off and the specimen was moved beyond the previ-
ously illuminated area. A single scan at one focal plane using
minimum laser intensity (10%)was obtained, and the imagewas
saved for subsequent measurement of fluorescence intensity
with the Olympus proprietary Fluoview software.
Measurement of Intracellular ROS Production by Flow

Cytometry—IFN-�- or solvent-primed BxPC-3 cells (1 � 106)
were suspended in 0.5 ml of Krebs buffer containing 7.5 �M of
the redox-sensitive dye CM-H2-DCF-DA (Invitrogen, catalog
number C6827), and incubated in the dark for 30 min at 37 °C.
After 25 min of incubation, either solvent (DMSO) or 1 �M

ionomycinwas added to the cell suspension, and the incubation
was continued at 37 °C for an additional 5 min. The cells were
then harvested and resuspended in fresh medium without
CM-H2-DCF-DA. Fluorescence was recorded on the FL-1
channel of a FACS Aria flow cytometer (BD Bioscience) and
analyzed using Flowjo Software (30).
Extracellular H2O2 Measurement Using Amplex Red�—The

Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (catalog
number A22188 from Invitrogen) was used to detect the extra-
cellularH2O2 released by the IFN-� activated cells (31). BxPC-3
cells were grown in serum-free medium with or without IFN-�
for 24 h; the cells were then washed twice with 1� PBS,
trypsinized, and dispersed thoroughly. Cells were counted to
produce a 20-�l cell suspension containing 2 � 104 live BxPC3
cells in 1� KRPG buffer. The cells were mixed with 100 �l of
Amplex Red reagent containing 50 �M Amplex Red and 0.1
units/ml of HRP in Krebs-Ringer phosphate glucose (KRPG)
buffer with or without 1 �M ionomycin, and incubated at 37 °C
for the indicated times. The fluorescence of the oxidized
10-acetyl-3,7-dihydroxyphenoxazine was measured at an exci-
tationwavelength of 530 nmand an emissionwavelength of 590
nM using a SpectraMax Multiplate reader (Molecular Devices,
Sunnyvale, CA). H2O2 was quantified using an H2O2 standard
curve over a 0–2 �M concentration range. Each value in the
figures represents a mean of quadruplicate samples.
Statistical Analysis—Results are expressed as the mean �

S.D. from at least triplicate experiments. Statistical differences
between mean values of control and treated samples were
assessed using Student’s t test; p � 0.05 was considered statis-

tically significant. Significance levels were designated as *, p �
0.05; **, p � 0.01, and ***, p � 0.001 throughout.

RESULTS

IFN-�-induced Duox2 and DuoxA2 Expression—Several
human tumor cell lines were exposed to a panel of pro-inflam-
matory cytokines (IFN-�, IFN-�, IFN-�, TNF-�, and IL-6) and
certain growth factors (EGF, HGF, and TGF-�) to examine the
potential of each to regulate Duox2 expression (supplemental
Fig. S1). Among the lines tested, BxPC-3 and AsPC-1 human
pancreatic cancer cells were responsive to treatment with
IFN-�; the expression of both Duox2 and its cognate matura-
tion factor DuoxA2 (Fig. 1), but not other members of the Nox
family of genes (supplemental Fig. S1B), were stimulated; no
other cytokine or growth factor produced a substantial effect on
Duox2 expression. Analysis by real time PCR revealed that
IFN-� induced both Duox2 and DuoxA2 expression in a dose-
and time-dependentmanner (Fig. 1,A and B, upper panels, and
supplemental Fig. S2A). Using our newly characterized Duox
monoclonal antibody that detects both Duox1 and -2, we con-
firmed that Duox (Duox1 or -2) protein expression correlated
well with Duox2mRNA levels in BxPC-3 andAsPC-1 cells (Fig.
1, A and B, lower panels, and supplemental Fig. S2). Unfortu-
nately, the protein expression of DuoxA2 cannot be assessed
currently because DuoxA2 antibodies useful for Western anal-
ysis are not available.
Both Intracellular ROS and Extracellular H2O2 Generation

Were Increased by IFN-� Priming of BxPC-3 Cells—To deter-
mine whether IFN-�-induced Duox2 and DuoxA2 expression
correlated with the functional activity of Duox2, we examined
ROS production by BxPC-3 cells exposed to different concen-
trations of IFN-� using three different experimental ap-
proaches. First, we evaluated intracellular ROS production
using the redox-sensitive dye H2-DCFH-DA coupled with con-
focal microscopy (32). As shown in Fig. 2A, only background
levels of fluorescence were demonstrable in cells loaded with
H2-DCFH-DA alone or exposed to the calcium ionophore,
ionomycin, in addition to the fluorescent dye. BxPC-3 cells
treated with 50 ng/ml of IFN-� for 24 h, on the other hand,
demonstrated significantly increased DCF fluorescence, indic-
ative of intracellular ROS production. Intracellular ROS forma-
tion increased 3-fold more in cells primed with IFN-� and
subsequently stimulated with ionomycin; furthermore, ROS
production increased in an IFN-� dose-dependent fashion (Fig.
2A, lower panel). These results are in agreement with previous
studies that have demonstrated the enhancement of Duox2
activity in the presence of the calcium ionophore, consistent
with its EF-hand Ca2�-binding domains (15). To confirm the
results obtained with confocal microscopy, flow cytometric
quantitation of ROS production was performed, also using the
redox-sensitive dye DCFH-DA. These studies clearly demon-
strated that exposure to IFN-� alone for 24 h substantially
increased intracellular ROS levels that were enhanced further
by ionomycin (Fig. 2B).
In a third approach to defining Duox2 activity after IFN-�

exposure, using the Amplex Red reagent in conjunction with
HRP, we found that without ionomycin stimulation, H2O2
steadily accumulated over time; after 3 h of incubation, extra-
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cellular H2O2 accumulation was�50% higher in IFN-�-treated
tumor cells (p� 0.05).When ionomycin was added to the reac-
tion system, the difference between the H2O2 released by
IFN-�- and solvent-treated cells was substantially higher,
increasing continuously over the 3-h incubation period (Fig.
2C, right panel). Importantly, low concentrations (100–200
nM) of the flavoprotein inhibitor diphenyleneiodonium (which
produce very modest effects on the electron transport chain)
(33) significantly inhibited IFN-�- and ionomycin-mediated
H2O2production (Fig. 3A, left panel). Furthermore, the calcium
chelator BAPTA-AM (10 �M) also significantly decreased
extracellular H2O2 production from IFN-�-primed BxPC-3
cells stimulated with ionomycin (Fig. 3A, right panel). This
result further supports the calciumdependence of Duox2 enzy-
matic activity in BxPC-3 cells.
To demonstrate that the IFN-�-mediated increase in

H2O2 production is related to IFN-�-enhanced Duox2 and
DuoxA2 expression, we utilized an RNA interference
approach. As shown in the lower panel of Fig. 3B, we success-
fully inhibited IFN-�-induced Duox protein expression with
a Duox2-specific siRNA; IFN-�-related H2O2 production
was also significantly abrogated by Duox2 siRNA transfec-

tion (Fig. 3B, upper panel). To determine whether IFN-�-
induced DuoxA2 expression was an essential component of
the IFN-�-mediated extracellular H2O2 production machin-
ery, two DuoxA2-specific siRNAs or control siRNA were
transiently transfected into BxPC-3 cells, and IFN-�-medi-
ated Duox2 and DuoxA2 RNA expression and extracellular
H2O2 generation were analyzed. As demonstrated in the left
panel of Fig. 3C, both DuoxA2 siRNAs significantly silenced
DuoxA2 expression without producing any effect on Duox2
expression. As expected, both DuoxA2-specific siRNAs also
significantly decreased IFN-�-mediated extracellular H2O2
production as shown in the right panel of Fig. 3C. These
results support the accessory role of DuoxA2 in Duox2 func-
tion, and reveal that both Duox2 and DuoxA2 are essential
for IFN-�-induced extracellular H2O2 accumulation.
Stat1 Up-regulation Is Required for IFN-�-induced Duox2

Expression—To examine the molecular mechanism of IFN-�-
induced Duox2 expression, we first studied whether newly syn-
thesized mRNA and protein were required for the observed
increase inDuox2 expression in response to IFN-�. As shown in
supplemental Fig. S3A, the inhibitor of transcriptional initia-
tion, actinomycin D, dose dependently blocked IFN-�-medi-

FIGURE 1. IFN-� induces Duox2 and DuoxA2 expression in BxPC-3 cells in a dose- and time-dependent manner. A, upper panel, represents the dose
response for the induction of Duox2 expression by IFN-�; real time PCR analysis of relative Duox2 and DuoxA2 expression has been normalized to �-actin; error
bars indicate the standard deviation from triplicate samples. The lower panel demonstrates expression of the Duox protein by Western analysis in BxPC-3 cells
treated with increasing concentrations of IFN-� for 24 h. Although our antibody recognizes both Duox1 and Duox2, our RNAi experiments (see Fig. 3) strongly
suggest that the signals observed from our Western analyses are due to Duox2 protein. B, time course for the induction of Duox2 and DuoxA2 expression by
IFN-�; real time PCR was performed using RNA from BxPC-3 cells treated with 25 ng/ml of IFN-� for different times, as indicated; error bars represent the
standard deviation from triplicate samples. The lower panel shows the change in Duox protein over time following exposure to 25 ng/ml of IFN-�. ***, p � 0.001.
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atedDuox2 induction; the protein synthesis inhibitor cyclohex-
imide demonstrated a similar dose-dependent inhibition of
IFN-�-induced Duox2 expression (supplemental Fig. S3B).
These results indicated that IFN-�-induced Duox2 expression
is transcriptionally regulated, but that new protein synthesis is
also essential for the induction of Duox2 expression. We then
analyzed the kinetics of IFN-� signaling; IFN-� induced the
phosphorylation of Stat1 on tyrosine 701within 10min, and the
phosphorylation of tyrosine 701 peaked at 60 min (Fig. 4A).
Within 3–6 h after the initiation of IFN-� exposure, pTyr701-
Stat1 began to decrease, although pTyr701-Stat1 was still
above baseline levels at 24 h in BxPC-3 cells. The phosphor-
ylation of Ser727 in Stat1 following IFN-� plateaued within
30–60 min, and activation persisted at this level for 24 h.
Total Stat1 levels began to increase 3 h following IFN-�
treatment, and continued to increase for the entire 24-h
period of IFN-� exposure; this pattern of increasing expres-
sion mirrors that observed for the induction of Duox2
expression (Fig. 1B). Similar results were obtained using the
AsPC-1 cell line (supplemental Fig. S2B). We also examined
whether other members of the family of Stat proteins were
activated by IFN-� in BxPC-3 cells; no evidence for activa-
tion of any other Stat proteins was found (data not shown).
This was not because other Stat members are inactive in
these cells; as demonstrated in supplemental Fig. S4, IL-6

was fully capable of activating Stat3 at Tyr705 in the BxPC-3
line without producing a concomitant increase in Duox
expression.
Another important transcription factor, interferon regula-

tory factor 1 (IRF1), which is downstream of Stat1 and partici-
pates in the regulation of IFN-� signaling (25), is also rapidly
induced by IFN-�, and this induction persists for 24 h (Fig. 4A).
On the other hand, expression of the other IRF familymembers
(IRF2 and IRF3) was not induced by IFN-� (Fig. 4A).
To determine whether the Jak-Stat signaling pathway plays a

critical role in IFN-�-mediatedDuox2 expression, we evaluated
the effect of a Jak-specific inhibitor (AG-490). As shown in Fig.
4B (right panel), AG-490 (100 �M) strongly inhibited IFN-�-
induced Duox2 expression; AG-490 not only inhibited Tyr701
phosphorylation on Stat1, as expected, but also inhibited total
Stat1 expression at both 6- and 24-h time points (Fig. 4B).
These observations suggested that IFN-�-induced Duox2
expression is Stat1 dependent.
To investigate further the role of Stat1 in regulating IFN-�-

mediated Duox2 expression, we performed RNA interference
experiments with Stat1-specific siRNAs targeting different
domains of human Stat1. Twenty-four h after transfection,
serum-free medium with or without 25 ng/ml of IFN-� was
introduced; and BxPC-3 cells were incubated for another 24 h.
In the presence of a control siRNA, induction of Duox expres-

FIGURE 2. IFN-� enhances intracellular ROS and extracellular H2O2 production. A, upper panel, interferon-� induces Duox2-mediated ROS production
measured by confocal microscopy. Starved BxPC-3 cells were treated with or without IFN-� for 24 h. Live staining was performed as described under “Exper-
imental Procedures.” Higher ROS levels were observed in BxPC-3 cells that were pre-treated with IFN-� followed by stimulation with ionomycin than in those
cells treated with IFN-� or ionomycin alone. Representative confocal images of ROS production (green) or phase-contrast fields (immediately below) are shown.
The lower panel provides the quantitation of fluorescent intensities under the different treatment conditions for three separate experiments. B, IFN-� induces
intracellular ROS production as detected by analytical cytometry. Serum was withdrawn from BxPC-3 cells overnight; cells were then treated with or without
IFN-� for 24 h; intracellular ROS production was confirmed using the redox-sensitive dye CM-H2DCFDA. A right-shift in fluorescence intensity indicates
increasing amounts of ROS. C, production of extracellular H2O2 after exposure of BxPC-3 cells to IFN-�. BxPC-3 cells were grown using serum-free RPMI 1640
medium in the presence or absence of IFN-� for 24 h; after collection, 2 � 104 BxPC-3 cells were mixed with the Amplex Red reagents with or without 1 �M

ionomycin for the indicated times. H2O2 levels were calculated using a standard curve of 0 –2 �M H2O2. H2O2 production for cells exposed to IFN-� has been
compared with cells treated with solvent alone at each time point. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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sionwas unchanged (Fig. 4C). In contrast, silencing Stat1 totally
abrogated IFN-�-induced Duox expression (Fig. 4C). This
result established that Stat1 is necessary for IFN-�-induced
Duox expression in BxPC-3 cells.
Phosphorylation of Ser727 of Stat1 Is Essential for IFN-�-me-

diated Duox2 Expression—Although Jak-Stat signaling path-
ways have been demonstrated to play a central role in promot-
ing the diverse cellular responses elicited by IFN-�, some
studies have suggested that IFN-� activates additional signaling
networks that can regulate gene expression independent of
Stat1 (27). The additional signaling pathways activated by
IFN-� engagement to its cell surface receptors include PI3K/
Akt, protein kinase C (PKC) isoforms, calcium/calmodulin
kinase II (CaMKII), andMAP kinases (34–36). These signaling
pathways either regulate the Ser727 phosphorylation of Stat1 to

enhance its transcriptional efficiency or activate other tran-
scription factors leading to a Stat1-independent effect. Using
Western analysis, we examined several potential signaling
pathways reportedly activated by IFN-�. PI3K/Akt, PKC,
CaMKII, and JNK signaling were not significantly enhanced by
IFN-� in BxPC-3 cells (data not shown). However, two MAPK
pathways, p38 and ERK, were significantly activated by IFN-�,
as shown in Fig. 5A. To dissect the possible roles of p38 andERK
activation in the regulation of Duox2 expression by IFN-�, we
evaluated the effects of two MAPK inhibitors, U0126 specific
for the ERK pathway, and SB203580 specific for p38 signaling.
Starved BxPC-3 cells were pretreated with solvent or the
MAPK inhibitors for 30min, and then stimulatedwith 25ng/ml
of IFN-� for 24 h; RNAwas extracted and subjected to real time
PCR to detect changes in the relative expression levels ofDuox2

FIGURE 3. Duox2 and DuoxA2 are required for IFN-�-mediated extracellular H2O2 production blocked by the flavin dehydrogenase inhibitor diphe-
nylene iodonium (DPI) or the calcium chelator BAPTA. A, BxPC-3 cells grown in serum-free RPMI 1640 medium were treated with 50 ng/ml of IFN-� for 22 h
and then incubated with or without different concentrations of DPI (left panel) or BAPTA (right panel) for another 2 h; cells were harvested and extracellular H2O2
formation was measured for 1 h in the presence or absence of ionomycin (1 �M). Error bars represent standard deviations from quadruplicate samples. B, Duox2
siRNA abrogates IFN-�-induced Duox expression and H2O2 production. Upper panel, control or Duox2-specific siRNAs were transiently transfected into BxPC-3
cells; 24 h after transfection, cells were incubated in serum-free medium with or without 25 ng/ml of IFN-� for a subsequent 24 h. Immediately thereafter, H2O2
production was measured over 1 h as previously described. The lower panel demonstrates the expression of Duox, Stat1, or �-actin by Western analysis for
BxPC-3 cells exposed to IFN-� or solvent, and transfected with Duox2 or control siRNAs as outlined for the measurement of H2O2. C, the left panel demonstrates
the effect of control or DuoxA2-specific siRNAs on Duox2 or DuoxA2 expression in BxPC-3 cells treated with IFN-� (25 ng/ml). Experiments shown in the right
panel examine the effect of DuoxA2-specific siRNAs on IFN-�-induced extracellular H2O2 production. H2O2 formation was determined for 1 h as previously
described.
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andDuoxA2. IFN-� strongly induced both Duox2 andDuoxA2
expression in the presence of solvent (0.1% DMSO); 10 �M

U0126 did not attenuate IFN-�-induced Duox2 or DuoxA2
expression (Fig. 5B). Furthermore, althoughU0126 blocked the
phosphorylation of ERK both at baseline (supplemental Fig. S6)
and that produced by IFN-�, it did not affect Stat1 phosphory-
lation (Fig. 5E). On the other hand, the p38 MAP kinase inhi-
bitor SB203580 significantly decreased baseline p38 expression
and IFN-�-induced expression of both Duox2 and DuoxA2
(supplemental Fig. S6 and Fig. 5B, left and right panels).
SB203580 had no effect on the expression of two other genes
induced by IFN-� in BxPC-3 cells, IRF-1 and Stat1 (supplemen-
tal Fig. S5).Western analysis (Fig. 5C) confirmed that SB203580
inhibited IFN-�-mediated p38 activation at the same time that
the Ser727 phosphorylation in Stat1 and Duox2 induction by
IFN-�were suppressed, suggesting that p38maymediate Ser727
activation in Stat1, and that the phosphorylation of Ser727 is
important for IFN-�-induced Duox2 expression in BxPC-3
cells.
These results are congruent with a recent report indicating

that MKK3, p38, and ATF2 are involved in the regulation of
Duox2 expression by soluble microbial extracts in CaCo2
human colon cancer cells (20). To confirm the role of p38
kinase in mediating Stat1 Ser727 phosphorylation and Duox2
induction by IFN-�, human p38-specific siRNA and control
siRNAwere transiently transfected into BxPC-3 cells; 24 h after
transfection, cells were grown in serum-free medium with or
without 25 ng/ml of IFN-� for another 24 h. Cells were then
collected, and cell lysates were examined by Western analysis.
As shown in Fig. 5D, p38 siRNA suppressed endogenous p38
expression at the same time Stat1 Ser727 phosphorylation and
Duox induction by IFN-� were inhibited.
Stat1 Binds to the EndogenousHumanDuox2 Promoter—Be-

cause our results strongly suggested that in BxPC-3 cells Stat1

plays a critical role in IFN-�-induced Duox2 expression, we
examinedwhether Stat1 bound to the humanDuox2 promoter,
and whether binding of Stat1 to the Duox2 promoter was
stimulated by IFN-�. To address these two questions, we
performed chromatin immunoprecipitation assays using
BxPC-3 cells treated with or without IFN-� at different time
points. Initially, 3 kb of the human Duox2 promoter was
screened to identify putative Stat1 binding sites using the
TRANSFAC� search program (37). No canonical Stat1 bind-
ing sites were identified; however, several potential binding
sites with similarity to the consensus binding site of Stat1 do
exist. It has been reported that Stat1 homodimers can bind to
some elements of Stat1 target genes with only half GAS sites
(38). We focused on one potential Stat1 binding site located
between 669 and 676 bp from the transcription start site of
the human Duox2 promoter; the sequence is 5�-TTCCTG-
CAA-3�, which has only one nucleotide changed compared
with the conserved GAS element 5�-TTCNNN(G/T)AA-3�.
Thus, we designed PCR primers to encompass this site, and
performed ChIP assays as shown as in Fig. 6. Control rabbit
IgG antibody did not produce a band, indicating that the
immunoprecipitation and PCR were specific. Using a Stat1-
specific antibody permitted the detection of PCR amplifying
products; after 1 h of IFN-� stimulation, there was substan-
tial Stat1 binding to the endogenous human Duox2 pro-
moter. Signal intensity of PCR products following 24 h of
IFN-� treatment was at least comparable, if not greater, than
that from a 1-h exposure to IFN-�, even though Stat1 phosphor-
ylation on Tyr701 had decreased 24 h following IFN-� exposure
compared with the 1-h time point (Fig. 6).

DISCUSSION

In these experiments, we have demonstrated that the proin-
flammatory cytokine IFN-� specifically up-regulates expres-

FIGURE 4. An intact JAK-Stat1 signaling pathway and Stat1 up-regulation are essential for IFN-�-induced Duox2 and DuoxA2 expression. A, signaling
pathways involved in the regulation of Duox2 expression in BxPC-3 cells by IFN-�. BxPC-3 cells were grown in serum-free medium and then exposed to IFN-�
for various times; the expression levels of Stat1, phospho-Stat1 (Ser727 and Tyr701), and IRFs 1–3 were determined subsequently by Western analysis. B, the effect
of a 30-min exposure to the JAK inhibitor AG490 on IFN-�-induced Duox expression and Stat1-related signaling proteins was examined after either 6 (left panel)
or 24 h (right panel) of IFN-� treatment. C, the effect of silencing Stat1 on IFN-�-induced Duox expression was determined in BxPC-3 cells. Control siRNA and two
Stat1-specific siRNAs targeting different domains of human Stat1 were transiently transfected into BxPC-3 cells. Twenty-four hours after transfection, cells were
grown for another 24 h in serum-free medium with or without 25 ng/ml of IFN-�. Western analysis shows the protein expression of Duox, Stat1, and IRF-1
following Stat1 knockdown.
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sion of the Nox family member Duox2, as well as its critical
maturation factor DuoxA2, in human pancreatic cancer cell
lines BxPC-3 and AsPC-1, and that the regulation ofDUOX2 is
Stat1-dependent. These results are of interest because recent
studies have suggested that one consequence of the chronic
inflammatory state often accompanying pancreatic adenocar-
cinoma is the generation of high local concentrations of ROS
that could be generated by cytokine-, growth factor-, or extra-
cellularmatrix-related activation of epithelialNADPHoxidases
(39, 40). PANC-1 and MIA PaCa-2 human pancreatic cancer
cell lines express the Nox4 isoform, which is responsible for

generation of the ROS that play an important role in survival
signaling and apoptosis in these cells (41). Our laboratory has
recently examined the expression of Nox family members in
human tumors and tumor cell lines (9). We found that Duox2
was highly expressed in colorectal cancers. That finding is sup-
ported by the observation that pre-malignant adenomatous
lesions of the large intestine demonstrate a 10-fold increase in
DUOX2 expression when compared with adjacent non-malig-
nant tissues from the same patients (42). Finally, we have
recently conducted an immunohistochemical evaluation of
Duox2 expression using tumor tissue microarrays; in that

FIGURE 5. p38-mediated Stat1Ser727 phosphorylation is necessary for IFN-�-induced Duox2 and DuoxA2 expression. A, IFN-� activates p38 and ERK as
well as Duox in BxPC-3 cells. Time course demonstrating the effect of IFN-� treatment on ERK and p38 phosphorylation over 12 h. B, a 30-min pre-treatment
with 10 �M SB203580 (p38 MAPK pathway inhibitor), but not with 10 �M U0126 (p42/44 MAPK pathway inhibitor), significantly decreased the enhanced Duox2
(left panel) and DuoxA2 (right panel) mRNA expression that follows 24 h of IFN-� treatment. C, inhibition of p38 phosphorylation with SB203580 decreases
IFN-�-mediated expression of Duox protein. BxPC-3 cells were grown in serum-free RPMI 1640 medium, and then pretreated with 10 �M SB203580 or an equal
volume of DMSO as control for 30 min; the cells were then grown in the presence or absence of the inhibitor for 1 or 24 h with or without 25 ng/ml of IFN-�, and
then analyzed for Stat1-related signaling by Western analysis with 50 �g of whole cell lysate. D, silencing p38 attenuates IFN-�-induced Stat1 Ser727 phosphor-
ylation and Duox2 expression. BxPC-3 cells were transiently transfected with control or p38-specific siRNA for 24 h. Cells were grown in the absence of serum
with or without IFN-� for another 24 h; 50 �g of cell lysate was then used for Western analysis of the expression of Stat1-related proteins. E, inhibition of the
p42/44-MAPK pathway with U0126 does not affect IFN-�-mediated expression of Duox protein. BxPC-3 cells were grown in serum-free RPMI 1640 medium, and
then pretreated with 10 �M U0126 or an equal volume of DMSO as control for 30 min; the cells were then grown in the presence or absence of the inhibitor for
1 or 24 h with or without 25 ng/ml of IFN-�, and then analyzed for ERK phosphorylation and Stat1-related signaling by Western analysis with 50 �g of whole cell
lysate. ***, p � 0.001.
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investigation, we found increased Duox2 levels, compared with
non-malignant control tissues, in adenocarcinomas of the
stomach, colon, and pancreas.4 Thus, members of the Nox
family of membrane oxidases, including Duox2, may play a role
in the pathophysiology of carcinomas of the gastrointestinal
tract, including pancreatic cancer, particularly in the setting of
chronic inflammation.
Because Nox-mediated ROS have been demonstrated to

enhance genetic instability (43), we were particularly interested
in quantitating ROS production following IFN-� treatment of
BxPC-3 cells.We found that Duox2/DuoxA2-dependent intra-
cellular ROS and extracellular H2O2 production was signifi-
cantly increased in IFN-�-treated cells (Figs. 2,B andC, and 3,B
and C) grown in Ca2�-containing medium in the absence of
ionomycin. Although ionomycin enhanced Duox2-dependent
ROS formation further, these results suggest that exposure of
BxPC-3 cells to IFN-� leads to a fully functional Duox2-
DuoxA2 complex wherein Duox2-dependent ROS could play a
direct role in the establishment of cellular redox homeostasis.
Our results are consistent with those of Linderholm and col-
leagues (44) who recently found that up-regulation of Duox2 by
all-trans-retinoic acid in respiratory tract epithelium is associ-
ated with a significant increase in apical H2O2 production. Fur-
thermore, our experiments support the possibility that up-reg-
ulation of DUOX2, leading to high levels of functional Duox2
expression, could contribute to a pro-angiogenic extracellular
milieu that would favor both tumor growth and leukocyte infil-
tration (2, 21, 45).
Other than its calcium dependence (as shown in Fig. 3A),

there is only a modest current understanding of the regulation
of Duox2 expression. In certain human lung cancer cell lines
and in lung cancer surgical specimens, Duox2 appears to be
under epigenetic regulation; hypermethylation of the Duox2
promoter in lung cancers, comparedwith adjacent normal lung

tissue taken at the time of surgery, appears to be common (46).
In the current study, we found that actinomycin D, a transcrip-
tional inhibitor, as well as cycloheximide, an inhibitor of trans-
lation, both blocked IFN-�-inducedDuox2 expression (supple-
mental Fig. S3). The fact that new protein synthesis, as well as
transcription, was required for IFN-�-mediated Duox2 expres-
sion was surprising; identification of the specific factors in the
Duox2 transcriptome that mediate the up-regulation by IFN-�
will require further investigation.
The effect of IFN-� on Duox2 expression was first demon-

strated using human tracheo-bronchial epithelial cells (13, 18);
from a wide variety of cytokines examined in that system, only
IFN-� and viral infection produced an effect on Duox2. These
results suggest that Duox2 plays a critical role in host defense
against infectious agents in the lung (47, 48). However, the
mechanism by which IFN-� increases Duox2 expression has,
until recently, not been examined (49). To understand the IFN-
�-induced signaling events that result in enhanced Duox2
expression, we investigated the roles played by the Jak-Stat1
and p38-MAPK pathways in these events. Our results strongly
suggest that Jak and p38-MAPK play pivotal roles in the activa-
tion of Stat1, which, in turn, appears to be essential for full
IFN-�-inducible Duox2 expression as well as production of
H2O2 in pancreatic cancer cells.

Stat1 is known to play a major role in the signaling cascade
initiated by IFN-�. However, a recent study reported that IFN-
�-induced Duox2 expression did not utilize the common Stat1
signaling pathway in the respiratory tract epithelial cell line,
HBE1 (49). AlthoughHBE1 cells activated the Jak-Stat pathway
and increased Duox2 expression �20-fold following IFN-�
stimulation, nonspecific Jak inhibition did not affect Duox2
expression, whereas at the same time the expression of a differ-
ent IFN-�-sensitive gene,CXCL10, was significantly decreased.
On the other hand, we have provided evidence in this study that
the Jak-Stat1 signaling pathway is essential for IFN-�-mediated
Duox2 as well as DuoxA2 expression in BxPC-3 cells. The spe-
cific cell or tissue context responsible for the divergence of
these observations is unclear.
In BxPC-3 pancreatic carcinoma cells, up-regulation of Stat1

as well as its phosphorylation on both Tyr701 and Ser727 play an
important role in Duox2 induction by IFN-�. The Jak-specific
small molecule inhibitor AG-490 not only inhibited Tyr701
phosphorylation of Stat1, it also inhibited total Stat1 up-regu-
lation as well as Duox2 induction by IFN-�. Direct evidence for
the role of the Jak-Stat pathwaywas provided through the use of
Stat1-specific siRNA; this siRNA not only silenced IFN-�-in-
duced total Stat1 expression, but also completely inhibited IFN-
�-induced Duox2 expression. Of importance, we found that no
other member of the Stat family of proteins was activated in
IFN-�-treated BxPC-3 cells; furthermore, our results with IL-6,
a known activator of Stat3 (50) (supplemental Fig. S4), sug-
gested that Stat3 was not involved in IFN-�-mediated Duox2
up-regulation. However, the contribution of total Stat1 versus
phosphorylation of Tyr701 or Ser727 of Stat1 in the up-regula-
tion ofDuox2 by IFN-� cannot be fully explained by our studies.
Although Tyr701 phosphorylation of Stat1 is an early event in
IFN-�-treated BxPC-3 cells, which suggests that phosphoryla-
tion of Tyr701 may be essential for nuclear localization, we also

4 Y. Wu, S. Antony, A. Juhasz, J. Lu, G. Jiang, K. Roy, S. Hewitt, and J. H. Doro-
show, unpublished observations.

FIGURE 6. Chromatin immunoprecipitation assay detects Stat1 binding
to the Duox2 promoter. Starved BxPC-3 cells were treated with solvent or 25
ng/ml of IFN-� for 1 or 24 h; cells were then harvested and used for the ChIP
assay. Input lanes verifying equal amounts of DNA were used for the initial
immunoprecipitation; control IgG- and Stat1-specific antibodies were used to
pull down DNA, which was then extracted and used for PCR with primers
spanning the potential Stat1 binding site in the Duox2 promoter. The result-
ing PCR products were separated on a 2% agarose gel and visualized with
ethidium bromide staining.
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found that Tyr701 phosphorylation of Stat1 decreases at later
time points following IFN-� stimulation. This suggests that
Stat1 may form stable homodimers that could bind more effi-
ciently toDNA sequences harboring half- and full-GAS sites on
the Duox2 promoter.
IFN-� activates several signaling cascades, in addition to the

Jak-Stat pathway, including Akt, p38-MAPK, NF-�B, p42/44-
MAPK, and JNK.Ourmechanistic studies suggest that the acti-
vation of p38-MAPK, working by way of Ser727 phosphoryla-
tion of Stat1, mediated signal transduction and transcriptional
up-regulation of Duox2. In our model system, Ser727 phosphor-
ylation occurred very quickly, within 30 min of IFN-� treat-
ment, and this activation persisted for 24 h. Although several
kinases have been implicated in the phosphorylation of this site,
our experiments suggest that p38-MAPK is a likely candidate
responsible for Ser727 phosphorylation of Stat1 in BxPC-3 cells.
The p38-MAPK-specific inhibitor SB203580 inhibited not only
the sustained activation of Ser727 of Stat1 but also completely
suppressed IFN-�-induced Duox2 expression. Knocking down
p38-MAPK with p38-MAPK-specific siRNA not only sup-
pressed endogenous p38-MAPK expression but also decreased
total Stat1 expression and inhibited IFN-�-enhanced Duox
protein expression. In related experiments, we observed that
p42/44-MAPK was phosphorylated along with p38-MAPK
(data not shown) following IFN-� exposure. However, pre-
treatment of BxPC-3 cells with p42/44-MAPK siRNA, whereas
completely inhibiting total p42/44-MAPK expression, did not
suppresses Ser727 phosphorylation of Stat1, or the transcrip-
tional up-regulation of Duox2 following IFN-� treatment.
These studies indicate that p42/44-MAPK is not responsible for
the transcriptional regulation of Duox2 expression induced by
IFN-� in BxPC-3 cells.We have also found that IFN-� activates
Stat1 by phosphorylating Tyr701 and Ser727 in the PANC-1 and
MIA PaCa-2 human pancreatic cancer cell lines, but without a
concomitant induction of Duox2 (data not shown). Thus, as
suggested by our cycloheximide experiment, unidentified pro-
tein factors may be necessary for the up-regulation of Duox2
transcripts; and thus, Stat1 activationmay be necessary but not
sufficient for IFN-�-induced Duox2 expression.
The importance of Stat1 in the activation of Duox2 by IFN-�

was further supported by chromatin immunoprecipitation
assays. Although no canonical Stat1 binding sites were identi-
fied within 3.0 kb from the transcription start site of the human
Duox2 promoter, several potential Stat1 binding sites with sim-
ilarity to the consensus Stat1 binding site do exist in this region.
It has been suggested that Stat1 homodimers can bind to some
elements of Stat1 target genes with only half GAS sites
(TTCNNNG/TAA) (38). Indeed, we found time-dependent
binding of Stat1 to the endogenous human Duox2 promoter
following IFN-� stimulation. Thus, ChIP confirms that the
Duox2 promoter is a target of Stat1, regardless of the binding
site location within 3.0 kb from the transcription start site.
In summary, our experiments demonstrate that the inflam-

matory cytokine IFN-� enhances the transcription of Duox2
and its cognate maturation factor DuoxA2 in BxPC-3 and
AsPC-1 human pancreatic carcinoma cell lines, in a Stat1- and
p38-MAPK-dependent fashion. Duox2/DuoxA2 up-regulation
leads to a significant increase in both intracellular ROS and

extracellular H2O2 formation. In light of recent studies that
demonstrate a novel role for Duox2-mediated H2O2 gradients
in leukocyte recruitment (21), aswell as the role of these inflam-
matory cells, in addition to ROS themselves, in the creation of a
pro-angiogenic local environment (51–53), the regulation of
Duox2 by IFN-� could play an important role in pancreatic
cancer pathophysiology. Our ongoing studies are focused on
understanding the biological consequences of enhancedDuox2
expression in pancreatic and other gastrointestinal malignan-
cies, both as a result of IFN-� exposure and in the context of
enhanced Duox2/DuoxA2 expression in the absence of cyto-
kine activation.
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