
 

The Journal of Experimental Medicine • Volume 191, Number 12, June 19, 2000 2131–2144
http://www.jem.org/cgi/current/full/191/12/2131

 

2131

 

Interferon Regulatory Factor (IRF)-1 and IRF-2 Regulate 

 

Interferon 

 

g

 

–dependent Cyclooxygenase 2 Expression

 

By Jorge C. G. Blanco,

 

*

 

 Cristina Contursi,

 

‡

 

 Cindy A. Salkowski,

 

*

 

 
David L. DeWitt,

 

§

 

 Keiko Ozato,

 

‡

 

 and Stefanie N. Vogel

 

*

 

From the 

 

*

 

Department of Microbiology and Immunology, Uniformed Services University of the Health 
Sciences, Bethesda, Maryland 20814; the 

 

‡

 

Laboratory of Molecular Growth Regulation, National 
Institute of Child Health and Human Development, National Institutes of Health, Bethesda, 
Maryland 20892; and the 

 

§

 

Department of Biochemistry, Michigan State University, East Lansing, 
Michigan 48824

 

Abstract

 

Cyclooxygenases (Cox) are rate-limiting enzymes that initiate the conversion of arachidonic
acid to prostanoids. Cox-2 is the inducible isoform that is upregulated by proinflammatory
agents, initiating many prostanoid-mediated pathological aspects of inflammation. In this study,
we demonstrate that interferon (IFN)-

 

g

 

 alone or in synergy with lipopolysaccharide (LPS) or
interleukin 1

 

a 

 

induces Cox-2 expression in mouse peritoneal macrophages, which is paralleled
by changes in Cox-2 protein levels and prostaglandin E

 

2

 

 (PGE

 

2

 

)

 

 

 

release. Induction of Cox-2
was abrogated in macrophages that lack IFN regulatory factor (IRF)-1, consistent with an at-
tenuated

 

 

 

hepatic mRNA response in IRF-1

 

2

 

/

 

2

 

 mice injected with LPS. Conversely, the ab-
sence of IRF-2 in macrophages resulted in a significant increase in both basal and inducible

 

Cox-2 gene and protein expression as well as IFN-

 

g

 

–stimulated PGE

 

2 

 

release, identifying IRF-2

 

as negative regulator of this promoter. Two IFN stimulation response elements were identi-
fied in the mouse Cox-2 promoter that were highly conserved in the human Cox-2 gene.
Both bind endogenous IRF-1 and IRF-2 and regulate transcription in an IRF-1/2–dependent
manner. Our data demonstrate conclusively the importance of IFN-

 

g

 

 as a direct activator and
coactivator of the Cox-2 gene, and the central role of IRF-1/2 family members in this process.
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Introduction

 

PGs are involved in homeostatic, developmental, and in-
flammatory processes (1). PG endoperoxidase H synthases
(PGHSs),

 

1

 

 also called cyclooxygenases (Cox), are the rate-
limiting enzymes that initiate conversion of arachidonic
acid to all PGs, prostacyclins, and thromboxanes (2). Two
distinct Cox genes have been cloned and characterized.
They encode similar proteins, sharing 60% amino acid se-

quence identity, although they are expressed after different
developmental and temporal patterns (3). Cox-1, also
known as the “constitutive” cyclooxygenase, is detected in
almost all tissues. This enzyme is believed to be responsible
for the production of PGs involved in the maintenance of
homeostasis. Cox-2, the “inducible” cyclooxygenase, is not
generally expressed basally, but is rapidly and strongly acti-
vated in many cells upon induction with a variety of proin-
flammatory agents, cytokines, hormones, and tumor pro-
moters (2).

IFN-

 

g

 

 is considered to be a potent regulator of immu-
nological and inflammatory responses (4). A homodimer of
IFN-

 

g

 

 initially binds to the 

 

a

 

 chain of a heterodimeric re-
ceptor that carries Janus kinase (JAK)1. Dimerization with
IFN-

 

g

 

 receptor 

 

b

 

 chains that carry JAK2, transphosphory-
lation of JAK kinases, and ultimately phosphorylation of
preformed cytosolic signal transducer and activator of
transcription (STAT)1

 

a

 

 subunits, follow. Phosphorylated
STAT1

 

a

 

 homodimers translocate to the nucleus and acti-
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Abbreviations used in this paper:

 

 Cox, cyclooxygenase(s); EMSA, elec-
trophoretic mobility shift assay; GBP, guanylate binding protein; HPRT,
hypoxanthine guanine phosphoribosyl transferase; ICSBP, IFN consensus
sequence binding protein; iNOS, inducible nitric oxide synthase; IRF,
IFN regulatory factor; ISG15, IFN-

 

g

 

–stimulated protein 15; ISRE, IFN-
stimulated responsive element; JAK, Janus kinase; NF, nuclear factor;
NO, nitric oxide; PGHS, PG endoperoxidase H synthase; RT, reverse
transcription.
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vate several primary IFN-

 

g

 

 response genes by binding to
IFN-

 

g

 

–activated sites within their promoters. Among these
IFN-

 

g

 

 primary response genes are several IFN regulatory
factors (IRFs [5, 6]), a growing family of transcription fac-
tors that contains, among others, IRF-1 and IRF-2. IRF-1
is strongly inducible by IFN-

 

g

 

 and binds IFN-stimulated
responsive elements (ISREs) within promoters, activating
transcription. In contrast, IRF-2 is constitutively expressed
and acts mostly as a repressor by competing with IRF-1 for
the same cis-element (the ISRE has also been called IRF-
1/IRF-2 binding sequence motif, or IRF-E), and possibly
by repressing activators positioned nearby in the promoter
(6–8). These ISREs, usually defined by palindromic TTTC
sequences separated by two or three nucleotides (9, 10), are
located in the promoter region of many IFN-inducible
genes. It has been shown that IRF-1–deficient cells exhibit
impaired induction of several genes involved in the innate
immune response, including the 2-5A synthetase (11), in-
ducible nitric oxide synthase (iNOS [12]), and IL-12 p40
and p35 genes (13). Similarly, dysregulated nitric oxide
(NO) release (14) and IL-12 gene induction (13) and secre-
tion have been reported for IRF-2–deficient macrophages.

In this report, we show that IFN-

 

g

 

 works as a pivotal
regulator of the Cox-2 gene, activating its expression or
coactivating LPS- and IL-1

 

a

 

–dependent Cox-2 expression
in primary murine macrophages. This regulation is depen-
dent on the expression of IRF-1, and requires the presence
of two novel ISREs that are localized in the promoter of
the murine Cox-2 gene and are conserved in the human
Cox-2 gene. Importantly, our data reveal a mechanism for
negative regulation of the Cox-2 gene through IRF-2 ac-
tion.

 

Materials and Methods

 

Reagents and Antibodies. 

 

Purified recombinant murine IFN-

 

g

 

(1.3 

 

3

 

 10

 

7

 

 U/

 

m

 

g) was provided by Genentech, Inc. Protein-free
(

 

,

 

0.008%, phenol/water-extracted) 

 

Escherichia coli

 

 K235 LPS was
prepared by the method of McIntire et al. (15). Mouse rIL-1

 

a

 

was provided by Hoffmann-LaRoche. Anti–Cox-1 (no. 160110)
and anti–Cox-2 (no. 160116) antibodies were purchased from
Cayman Chemical. Rabbit polyclonal antibodies to IRF-1, IRF-2,
and IFN consensus sequence binding protein (ICSBP) were as
described previously (16, 17).

 

Mice. 

 

All animals were housed in cages with filter tops in a
laminar-flow hood, fed food and acid water ad libitum, and bred
in a virus antibody–free facility. Mice with a targeted mutation in
the IRF-1 or IRF-2 gene (homozygous [

 

2

 

/

 

2

 

] mice and their
heterozygous [

 

1

 

/

 

2

 

] littermates) were originally obtained from
Dr. Tak Mak (Amgen Institute, Toronto, Canada) and had been
backcrossed to C57BL/6 mice three to five times. The IRF-1

 

2

 

/

 

2

 

and IRF-2

 

2

 

/

 

2

 

 colonies have been maintained at Uniformed Ser-
vices University of the Health Sciences as detailed elsewhere (14).
Whenever possible, IRF-1

 

1

 

/

 

1

 

 and IRF-2

 

1

 

/

 

1

 

 mice derived from
heterozygous littermates were used as controls; otherwise,
C57BL/6J

 

1

 

/

 

1

 

 mice (The Jackson Laboratory) were used. All
mice bred for use in this study were genotyped. Male and female
mice were used and were typically between 6 and 12 wk of age.
For temporal analysis of Cox-2 expression in the liver, mice were
injected intraperitoneally with 25 

 

m

 

g (

 

z

 

1–1.4 mg/kg) of LPS. In

 

these experiments, groups of four mice were used for each time
point. Experiments were carried out according to the institu-
tional ethical guidelines for animal experiments and safety guide-
lines for gene manipulation experiments.

 

Tissue Culture.

 

Peritoneal macrophages from all mice were
isolated 4 d after intraperitoneal injection of 3 ml of sterile 3%
thioglycollate broth. Cells were washed with pyrogen-free saline
and resuspended in RPMI 1640 supplemented with 2 mM

 

l

 

-glutamine, 100 IU/ ml of penicillin, 100 

 

m

 

g/ml streptomycin, 10
mM Hepes, 0.3% sodium bicarbonate, and 2% FCS, then were
plated in six-well plates (4 

 

3

 

 10

 

6

 

 cells/well) and incubated over-
night at 37

 

8

 

C and 6% CO

 

2

 

. Cells were washed twice with PBS to
remove nonadherent cells, and were incubated with different
stimuli or vehicle for the indicated time periods. The RAW
264.7 macrophage cell line was obtained from the American
Type Culture Collection and was cultured in RPMI medium
supplemented with 10 mM Hepes, 0.3% sodium bicarbonate, 2
mM 

 

l

 

-glutamine, 100 IU/ml of penicillin, 100 

 

m

 

g/ml of strepto-
mycin, and 10% FCS, and was incubated as described above.

 

Analysis of mRNA. 

 

Total RNA from cultured macrophages
or from the livers of individual LPS-treated mice was isolated us-
ing RNA-Stat60 (Tel-Test) according to the manufacturer’s in-
structions. The relative quantities of mRNA for Cox-1, Cox-2,
and the “housekeeping gene,” hypoxanthine guanine phospho-
ribosyl transferase (HPRT), were determined by coupled reverse
transcription (RT)-PCR. The primers and probes used in each
case were as follows: Cox-1 sense primer 5

 

9

 

-CCCAGAGTCAT-
GAGTCGAAGGAG-3

 

9

 

, antisense 5

 

9

 

-CAGGCGCATGAGTAC-
TTCTCGG-3

 

9

 

, and probe CCAGTGTGATTGTACTCGCACG;
Cox-2 (18) sense primer 5

 

9

 

-GCAAATCCTTGCTGTTCCA-
ATC-3

 

9

 

, antisense primer 5

 

9

 

-GGAGAAGGCTTCCCAGCTT-
TTG-3

 

9

 

, and probe CCCACTTCAAGGGAGTCTGGAACA;
HPRT (19) sense primer 5

 

9

 

-GTTGGATACAGGCCAGAC-
TTTGTTG-3

 

9

 

, antisense primer 5

 

9

 

-GATTCAACTTGCGCT-
CATCTTAGGC-3

 

9

 

, and probe GTTGTTGGATATGCCCT-
TGAC. Enhanced chemiluminescence reagents (Amersham
Pharmacia Biotech) were used for visualization of the amplified
RNA transcripts after electrophoresis of the samples and Southern
blot hybridization.

 

Plasmid Construction and Transfection. 

 

PGHS-2 “short” and
“long” reporters were as described previously (20). PGHS-2 “me-
dium” was constructed by cloning the 2.1-kb BglII-Hind III frag-
ment from PGHS-2 long into the same sites in pGL2 basic lu-
ciferase vector. The PGHS-2 (

 

2

 

43) reporter, which contains the
basic promoter, initiator sequence, and 88 bp of untranslated
region from the murine Cox-2 gene, was constructed by PCR
amplification of PGHS-2 long plasmid with GL2 (Promega) and
5

 

9

 

-GCGCGCGCCTCGAGCCGCTTACAGACTTAAAAGCA-
AGGTTC-3

 

9

 

 primers, and the resulting fragment was inserted
into pGL2 basic vector. ISRE I (

 

2

 

43) and ISRE II (

 

2

 

43) were
constructed by cloning three copies of the ISRE I (5

 

9

 

-TAAAA-
CAGAAAACAAGAAC-3

 

9

 

) and ISRE II (5

 

9

 

-CCTTTCATTT-
TTGTTTTGTT-3

 

9

 

) sequence into the SmaI-SacI site of PGHS-2
(

 

2

 

43) plasmid. Mutant versions of these ISREs (ISRE I mutant:
5

 

9

 

-TAAAACATTAAACAATTAC-3

 

9

 

, ISRE II mutant: 5

 

9

 

-CCT-
AACATTTTAATTTTGTT-3

 

9

 

) were cloned as described above.
Guanylate binding protein (GBP)-Ld40 and AP1-Ld40 luciferase
reporters were described previously (21, 22). All reporter con-
structs were confirmed by sequencing analysis. The IRF-1 expres-
sion vector was constructed by cloning its cDNA into the EcoRI
site in pcDNA3.1 vector (Invitrogen). IRF-2 expression vector
was described previously (22, 23). For transfection, RAW 264.7
cells were seeded the night before the experiment on 24-well
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plates (2 

 

3

 

 10

 

5

 

 cells per well). The next day, reporter plasmid (0.2

 

m

 

g) and expression vectors for IRF-1, IRF-2, or control plasmids
were transfected along with 0.25 

 

m

 

g of pBluescript II SK(

 

1

 

) and
0.125 

 

m

 

g of 

 

b

 

-galactosidase expression plasmid (pCH110; Amer-
sham Pharmacia Biotech) using SuperFect transfection reagent
(Qiagen) as described (23). After transfection (3 h), cells were in-
cubated with fresh media, IFN-

 

g

 

 (10 U/ml), and/or LPS (1 ng/
ml) for an additional 24 h. Luciferase and 

 

b

 

-galactosidase activity
were measured as described previously (22), and 

 

b

 

-galactosidase
activity was used for normalization of the luciferase activity within
each treatment.

 

Western Blot Analysis.

 

Whole cell extracts were prepared
from peritoneal macrophages after treatment with different stim-
uli using a lysis buffer containing 20 mM Tris-HCl, pH 7.9, 100
mM NaCl, 1% NP-40, 1 mM dithiothreitol (DTT), 0.5 mM
phenylmethylsulfonyl fluoride, and a cocktail of protease inhibi-
tors (Complete™; Boehringer). Crude extracts were passed
through a 23-gauge needle 10 times to disrupt cells completely,
and were centrifuged to remove debris. Supernatants were sub-
jected to 10% SDS-PAGE, transferred to Immobilon-P mem-
branes (Millipore), and probed with the indicated antibodies.
Horseradish peroxidase–conjugated anti–rabbit or anti–mouse an-
tibodies and reagents for enhanced chemiluminescence detection
were obtained from Amersham Pharmacia Biotech.

 

Bead Assay for Detection of DNA-binding Proteins. 

 

For DNA
capture using magnetic beads, nuclear extracts from IFN-

 

g

 

–
treated RAW 264.7 cells were obtained using the method of
Dignam et al. (24), with modifications. Cells were washed with
PBS and incubated for 15 min in buffer A (10 mM Hepes, pH
7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and protease
inhibitors) at 4

 

8

 

C. Cells were pelleted and resuspended in fresh
buffer A and homogenized using a Dounce homogenizer for 10
strokes. The nuclear pellet was finally resuspended in buffer C (20
mM Hepes, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM
EGTA, and protease inhibitors) and incubated for 15 min at 4

 

8

 

C,
with rotation. Nuclear debris was pelleted, and supernatants were
snap-frozen at 

 

2

 

708C. Biotinylated DNA fragments containing dif-
ferent regions of the Cox-2 promoter were prepared by PCR re-
actions using the different luciferase reporter constructs and GL2
and biotinylated GL1 primers. Approximately 30 pmol of each
fragment was immobilized onto magnetic beads (Dynabeads
M280 streptavidin; Dynal) according to the manufacturer’s pro-
cedure. In all cases, 95% of the biotinylated DNAs were attached
to the beads. For capturing DNA binding proteins, 500 mg of nu-

clear proteins was incubated with 200 mg of DNA-conjugated
beads for 2 h at 48C. Beads were washed three times using buffer
C, and were resupended in SDS-loading buffer and subjected to
SDS-PAGE and Western blot analysis.

Electrophoretic Mobility Shift Assay. Primers for Cox-2 ISRE I
(59-TTCCCGCATTTAAAATAAAACAGAAAACAAGAACT-
ATTTAAA-39 and complementary strand) and Cox-2 ISRE II
(59-TGTGGATATTCTCCCCTTTCATTTTTGTTTTGTTT-
TGTTCT 39 and complementary strand) were annealed and 32P-
endlabeled with T4 polynucleotide kinase (Promega). Nuclear
extracts (5 mg) were incubated with 0.2 ng of the indicated DNA
probe and 2 mg of poly(dI-dC) (Amersham Pharmacia Biotech)
in a binding buffer containing 20 mM Hepes, pH 7.9, 4 mM
MgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 10% glycerol at
room temperature for 15 min. For competition experiments, 50-
fold excess of primers containing GBP-ISRE, IFN-g–stimulated
protein 15 (ISG15)-ISRE (23), or nuclear factor (NF)-kB bind-
ing site (21) were included in the binding reaction. For supershift
assays, a total of 2 ng of antibodies against specific members of the
IRF family of transcription factors was also included in the reac-
tion. DNA–protein complexes were resolved by electrophoresis
in a 5% polyacrylamide gel as described previously (25).

PGE2 Detection. For quantification of PGE2 release from
macrophages, 5 3 105 cells per well were seeded on a 24-well
plate. The next day, cells were incubated with 500 ml of medium
only or medium supplemented with IFN-g (100 U/ml), and the
presence of PGE2 in the supernatants was measured by ELISA 24 h
later (Cayman Chemical; no. 514010).

Results
IFN-g Activates Transcription of the Cox-2 Gene. IFN-g

is a major activator of macrophages, a cell type in which
Cox-2 has been reported to be highly upregulated upon
exposure to several proinflammatory signals. Initially, we
characterized the effect of IFN-g on Cox-2 gene expres-
sion. Peritoneal exudate macrophages were isolated from
C57BL/6 mice and treated in vitro with IFN-g for differ-
ent periods of time. RNA isolated from each treatment was
converted to cDNA and amplified by PCR for Cox-2,
Cox-1, and HPRT as control. Cox-2 transcripts were de-
tected within 1 h after incubation with IFN-g, peaked at 6 h,

Figure 1. IFN-g activation of Cox-2
gene expression. (A) Peritoneal macro-
phages from C57BL/6 mice were treated
for the indicated amounts of time with 10
U/ml of murine IFN-g. Total RNA was iso-
lated from duplicate wells and subjected to
RT-PCR reactions with specific primers
for Cox-1, Cox-2, and HPRT. (B) Dose
response analysis of Cox-2 gene expression
for IFN-g. (C) Western blot analysis of total
protein extracts from peritoneal macrophages
incubated for different periods of time with
100 U/ml of IFN-g were performed using
anti–Cox-1 and anti–Cox-2 antibodies. (D)
Dose response analysis of Cox-1 and Cox-2
protein expression after 12 h of treatment
with medium only (0) or IFN-g.
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and slowly decreased after 9 h (Fig. 1 A). In contrast to
Cox-2, IFN-g treatment resulted in a very modest decrease
in the steady-state levels of Cox-1 mRNA after 9 h, consis-
tent with previous observations (26). Equivalence of RNA
loading was verified by the consistency of HPRT mRNA
housekeeping signals. Moreover, previous studies from our
laboratory, also carried out with peritoneal exudate mac-
rophages, indicate that over this period of time, IFN-g fails
to induce either macrophage apoptosis or necrosis (27).
Treatment of macrophages with different doses of IFN-g
for 6 h showed a peak in mRNA with 10–100 U/ml (Fig.
1 B), although detectable levels of Cox-2 transcript were
observed after treatment with as little as 0.5 or 1 U/ml
IFN-g. To analyze the effect of IFN-g on Cox-2 protein
production, we performed Western blot analyses using
Cox-2–specific antibodies (Fig. 1, C and D). Cox-2 pro-
tein peaked after 12 h of IFN-g treatment, reaching a pla-
teau that persisted for .30 h. This induction was detect-
able with concentrations as low as 10 U/ml of IFN-g.
Taken together, these data indicate that steady-state Cox-2
mRNA expression and protein synthesis are upregulated by
IFN-g in mouse peritoneal macrophages.

IFN-g Synergizes with LPS and IL-1a to Induce Cox-2
mRNA and Protein Expression. LPS (28–32) and IL-1a
(33, 34) are two powerful inducers of Cox-2 expression in
several cell types. We sought to analyze if pretreatment of
macrophages with IFN-g would affect activation of Cox-2
by these two inducers. When we analyzed steady-state lev-
els of Cox-2 mRNA after 2 h of treatment with IL-1a or
LPS in the absence of IFN-g, clearly detectable amounts of
Cox-2 transcript were observed in LPS-treated macro-
phages, yet only a barely detectable signal was observed in
response to IL-1a (Fig. 2 A; compare lanes 1 and 7 for IL-
1a, and lanes 1 and 13 for LPS). Concurrent treatment of
cells with IFN-g and IL-1a (lane 8) or LPS (lane 14)
slightly augmented the signal seen in the absence of IFN-g.
Preincubation of macrophages with IFN-g for longer time
periods produced a significant enhancement of both IL-
1a– (lanes 9–12) and LPS-dependent (lanes 15–18) Cox-2
mRNA induction. This coactivation peaks after 6–8 h of
pretreatment with IFN-g, enhancing mRNA accumula-
tion z10-fold over levels detected after 2 h of treatment
with either inducer alone (compare lanes 7 and 12 for IL-
1a and lanes 13 and 18 for LPS).

Analysis of Cox-2 protein revealed similar results (Fig. 2 B).
Although IFN-g alone activated the expression of Cox-2
(lanes 3 and 4), it strikingly increased the levels of Cox-2
induced by IL-1a (compare lanes 5 and 6 with lanes 9 and
10) or LPS (compare lanes 7 and 8 with lanes 11 and 12)
alone. To investigate whether IFN-g and LPS or IL1-a co-
activate Cox-2 expression transcriptionally, transient trans-
fections using a luciferase reporter containing z2.1 kb of
the murine Cox-2 promoter (PGHS-2 medium) were per-
formed in RAW 264.7 macrophages (Fig. 2 C). IFN-g
alone increased the activity of this reporter almost twofold,
which is comparable to the activation obtained with a low
dose of LPS (1 ng/ml). However, when transfected cells
were preincubated with IFN-g for 6 h, activation by LPS

was substantially augmented. Similar treatments did not af-
fect luciferase activity in cells transfected with a minimal
Cox-2 promoter (Fig. 2C; PGHS-2 [243]). Although sim-
ilar experiments were conducted using IL-1a as the in-

Figure 2. IFN-g synergizes with IL-1a and LPS for Cox-2 expression.
(A) Peritoneal macrophages were either untreated (lanes 1, 7, and 13) or
pretreated with 10 U/ml of IFN-g (lanes 2–6, 8–12, and 14–13) for the
indicated periods of time (top) before the addition of media (lanes 1–6),
IL-1a (10 ng/ml, lanes 7–12), or LPS (0.1 ng/ml, lanes 13–18) for 2 h.
Time 0 of IFN-g priming represents the point at which IL-1a or LPS
was added to the cultures for 2 h. (B) Western blot analysis of priming ex-
periment for Cox-1 and Cox-2 proteins. Cells were primed with 10
U/ml of IFN-g for 12 h (1) and subsequently incubated with two con-
centrations of IL-1a (triangle; 1 and 10 ng/ml) or LPS (triangle; 0.1 and
0.5 ng/ml) for another 12 h. Results shown are representative of three in-
dependent experiments. (C) Transient transfection assay using the Cox-2
luciferase reporter (PGHS-2 medium) or a minimal Cox-2 promoter
(PGHS-2 [243]) in RAW 264.7 cells. After transfection, cells were left
untreated (media) or were pretreated with IFN-g (10 U/ml) for 6 h. The
media was replaced with IFN-g alone, LPS alone, or IFN-g plus LPS (1
ng/ml), and incubation continued for an additional 18 h. Results are the
means of six independent experiments 6 SD.
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ducer, the effect on Cox-2 RNA and protein levels seen in
peritoneal macrophages could not be mimicked in lu-
ciferase reporter assay, which is likely to reflect the predom-
inant posttranscriptional regulation of Cox-2 expression by
IL-1a (34). However, IL-1a treatment did not affect the
IFN-g–dependent activation of the Cox-2 luciferase pro-
moter construct (data not shown). Together, these data in-
dicate that IFN-g enhances Cox-2 expression induced by
both IL-1a and LPS in mouse peritoneal macrophages, ren-
dering it more sensitive to induction by these activators.

IRFs Are Involved in the Regulation of Cox-2 Gene.
Members of the IRF family of transcription factors have
been demonstrated to play a major role in the regulation of
several inflammatory genes including iNOS (12, 35, 36)
and IL-12 p40 and IL-12 p35 (13, 37). IRF-1 is induced
early by IFN-g (38) through a STAT-1–dependent path-
way (39) and acts as a transcriptional activator, whereas
IRF-2 is expressed constitutively and is commonly de-
scribed as an antagonist of IRF-1–dependent activation (7,
8, 40). We took advantage of mice with targeted disrup-
tions in IRF-1 or IRF-2 genes for the analysis of the ex-

pression of Cox-2 after treatment with IFN-g alone or in
combination with LPS or IL-1a.

IFN-g was unable to activate Cox-2 mRNA expression
in IRF-12/2 macrophages (Fig. 3 A; IRF-12/2, lanes 7 and
10) when compared with the control IRF-11/1 macro-
phages. Moreover, synergy for steady-state Cox-2 mRNA
expression between IL-1a or LPS and either concentration
of IFN-g was abrogated in IRF-12/2 macrophages (com-
pare lanes 3 and 4 with lanes 8 and 11 for IL-1a, and lanes
5 and 6 with lanes 9 and 12 for LPS). Cox-2 protein ex-
pression was also analyzed in IRF-12/2 macrophages (Fig.
3 B). We found that after IFN-g treatment, these cells
were unable to produce any Cox-2 (Fig. 3 B; lanes 3 and
4). Moreover, IFN-g priming did not result in IL-1a– or
LPS-dependent synergy in Cox-2 protein expression (Fig.
3 B; compare lanes 5–8 with 9–12 from IRF-12/2 and
IRF-11/1), consistent with the steady-state mRNA data.
One additional point to be made is that Cox-2 mRNA was
upregulated in IRF-12/2 macrophages treated with IL-1a
only (lanes 3 and 4), although this was not observed at the
level of protein.

Figure 3. Regulation of the expression of Cox-2 in IRF-1– and IRF-2–deficient macrophages. (A) RT-PCR analysis of the expression of Cox-1,
Cox-2, and HPRT in IRF-1–deficient macrophages (IRF-12/2) compared with background-matched controls (IRF-11/1). Cells were treated with IL-
1a (lanes 3 and 4; 10 ng/ml), LPS (lanes 5 and 6; 1 ng/ml), and IFN-g (lanes 7 and 10; 10 and 100 U/ml, respectively) alone for 2 h or after pretreatment
with IFN-g for 6 h (lanes 7–12). (B) Western blot analysis of Cox-1 and Cox-2 protein expression in IRF-1–deficient macrophages after stimulation
with IFN-g (triangle; 10 and 100 U/ml), LPS (0.1 and 0.5 ng/ml), and IL-1a (1 and 10 ng/ml) alone or after priming for 12 h with 10 U/ml of IFN-g
(1). Results presented are representative of two independent experiments. (C) and (D) Similar to A and B, but using IRF-2–deficient macrophages (IRF-
22/2) or their background-matched controls (IRF-21/1). Results shown are representative of four independent experiments.
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In the case of IRF-22/2 macrophages (Fig. 3 C), higher
levels of expression of steady-state Cox-2 mRNA were ob-
served in the absence of inducers compared with control
macrophages (compare lanes 1 and 2 in IRF-22/2 versus
IRF-21/1), as well as in the IL-1a–dependent activation
(lanes 3 and 4). This increase in the basal level was also evi-
dent at the level of Cox-2 protein expression (Fig. 3 D), in
which IRF-2–deficient macrophages are more responsive
to these inducers (compare IRF-22/2 versus IRF-21/1 for
all treatments).

To analyze how the absence of IRF-1 or IRF-2 affects
final production of PGs, we measured PGE2, one of several
possible prostanoid products that is dependent on Cox-2
activity, in supernatants of IRF-12/2, IRF-22/2, and
C57BL/61/1 macrophages after stimulation with IFN-g
(Table I). No significant difference in PGE2 production by
these macrophages was observed, either basally or in the
first 12 h after treatment with IFN-g (data not shown).
However, after 24 h of IFN-g treatment, IRF-22/2 mac-
rophages showed the highest release of PGE2, followed by
C57BL/61/1, whereas IRF-12/2 macrophages showed no
PGE2 production, as expected. In fact, IRF-12/2 macro-
phages failed to exhibit increased PGE2 release in response to
IFN-g together with LPS (data not shown). Taken to-
gether, these data indicate that IRF-1 and IRF-2 are di-
rectly involved in the regulation of Cox-2 gene expression
and, ultimately, PGE2 production. Thus, IRF-1 acts as an
inducible transcriptional activator, as IRF-12/2 macrophages
are deficient in (a) IFN-g–dependent activation of the
Cox-2 gene, (b) IFN-g–dependent coactivation of IL-1a–
or LPS-dependent Cox-2 transcription, and (c) Cox-2 pro-
tein expression and release of PGE2. In contrast, IRF-2 is
involved in the repression of Cox-2 gene transcription.
This statement is supported by (a) the observed increase in
the basal and inducible transcription of Cox-2 gene, (b) the
increased levels of Cox-2 protein expression, and (c) the el-
evated levels of PGE2 after 24 h of activation of IRF-22/2

macrophages by IFN-g.

IRF-1 and IRF-2 Bind to the Cox-2 Promoter. Two
overlapping fragments (labeled “A” and “B” on Fig. 4 A),
similar in size and spanning z2.1 kb of the mouse Cox-2
promoter (sequence data available from EMBL/GenBank/
DDBJ under accession no. S82456; reference 20), were
synthesized and independently conjugated to magnetic
beads. The beads were then incubated with nuclear extracts
from the RAW 264.7 macrophage cell line pretreated with
IFN-g for 3 h. The proteins that bound to the immobilized
DNA fragments were analyzed by Western blot analysis us-
ing antibodies against IRF-1, IRF-2, or ICSBP (Fig. 4 B),
three members of the IRF family of transcription factors
that are expressed at high levels in these cells after IFN-g

Table I. PGE2 Production in C57BL/61/1, IRF-12/2, and 
IRF-22/2 Macrophages

PGE2 released

Macrophage type Medium IFN-g

(ng/ml)
C57BL/61/1 5.6 6 0.5 7.4 6 0.5
IRF-12/2 4.5 6 0.6 5.6 6 0.8
IRF-22/2 5.0 6 1.1 9.5 6 1.0

Macrophages were cultured for 24 h at a density of 5 3 105 cells in 24-
well plates in a final volume of 0.5 ml with medium only or medium
containing 100 U/ml of IFN-g. Results represent the mean 6 SD of
duplicate wells and were derived from a single experiment
representative of three independent experiments.

Figure 4. Two ISREs are located in the promoter region of the Cox-2
gene. (A) Schematic representation of the z2.1-kb promoter region of
the murine Cox-2 gene with the location of characterized binding sites
for several transcription factors, as well as two ISREs described in this pa-
per. A and B represent two overlapping DNA fragments used to locate
potential ISREs in the promoter. (B) Magnetic beads containing fragment
A or B, as well as beads containing the GBP-ISRE sequence (positive
control) or a mutant ISRE (Mut-ISRE; negative control), were incubated
with nuclear extracts of IFN-g–treated RAW 264.7 cells. Eluates were
analyzed by Western blot for the presence of IRF-1, IRF-2, or ICSBP.
The input lane represents 20% of the nuclear extract used for each lane
(50 mg). (C) Depiction of the sequence for the two ISREs found in the
mouse Cox-2 promoter (top) and their conservation with those found in
the human counterpart (bottom). In each case, numbers represent their
nucleotide position from the 11 transcription start site.
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treatment (input lane represents 20% of total nuclear pro-
tein used for each assay). To control for the specificity of
this assay, beads containing DNA with three copies of the
ISRE found in the GBP promoter were used as a positive
control, whereas a mutated version of this ISRE was used
for controlling nonspecific binding (GBP-ISRE and Mut-
ISRE, respectively). Materials precipitated with beads con-
taining fragment A, which spans the region between
z22.1 and z20.9 kb of the promoter, showed detectable
levels of IRF-1 and IRF-2, but not ICSBP. The amount of
IRF-1 precipitated by this fragment was similar to the
amount precipitated by three in-tandem copies of the GBP-
ISRE beads, indicating similar binding capacities for IRF-1.
However, at least 10-fold less IRF-2 was precipitated by
fragment A, indicating a lesser affinity of this site for IRF-2.
No binding of these proteins was detected in beads contain-
ing fragment B, which encompasses the TATA box, initia-

tor sequence, and almost all sites involved in the activation
of the Cox-2 gene described to date (diagram in Fig. 4 A).
These data clearly demonstrate that the upstream portion
(22.1 to 20.9 kb) of the Cox-2 promoter is responsible for
the recruitment of IRF-1 and IRF-2.

Two ISRE Sites Found in Cox-2 Promoter. A computer
search for potential ISREs in the Cox-2 promoter region
using MatInspector 2.2 (41) resulted in two sequences that
partially match canonical ISREs (referred to as ISRE I for
the more upstream site and ISRE II for the downstream
site; Fig. 4 C). They are both located in the region of the
promoter that we previously defined as fragment A in our
bead assay (Fig. 4 A), indicating their potential role in the
binding of IRF family members to this fragment. Further-
more, these two sequences were highly conserved in the
human Cox-2 promoter (Fig. 4 C), especially in those nu-
cleotides that define the potential ISREs.

Figure 5. IRF-1 and IRF-2 bind to both Cox-2 ISREs. (A) EMSAs performed using probes containing the ISRE I and ISRE II from the murine
Cox-2 promoter and nuclear extracts from C57BL/6 macrophages incubated with IFN-g for different periods of time or doses, as indicated. “Free”
lanes represent the mobility of the probe without any extract added. Black arrowheads point to the IFN-g–inducible complex. Asterisks indicate the
constitutive complex. (B) DNA binding specificity experiments on ISRE I and ISRE II using for competition 50-fold excess of cold ISREs (GBP-
ISRE; lanes 4 and 10, and ISG15-ISRE; lanes 5 and 11) or a nonspecific competitor (NF-kB binding site; lanes 8 and 12). (C) Supershift experiments
on ISRE I and II using IRF-1– or IRF-2–specific antibodies as indicated. NS, nonspecific antiserum. (D) EMSA using control C57BL/61/1 or IRF-
12/2 and IRF-22/2 macrophages.
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Figure 6. Transcriptional regulation of
the Cox-2 promoter. (A) RAW 267.4 cells
were transiently transfected with the indi-

cated PGHS-2 luciferase reporters (left, 200 ng/each) along with control
empty vector to complete 200 ng (2) or increasing amounts of IRF-1
expression plasmid (1 5 100 ng and 11 5 200 ng). Results are ex-
pressed as fold induction relative to the activity of each reporter in the ab-
sence of IRF-1 plasmid, and represent the means from three independent
experiments 6 SD. Luciferase (Luc.) activity measured for PGHS-2 me-
dium in the absence of the IRF-1 construct and after normalization by
b-galactosidase activity was twice that obtained for PGHS-2 short, whereas
PGHS-2 (243) activity was ,1% of PGHS-2 medium. (B) RAW 267.4
cells were transfected with the indicated reporter plasmid (left) in the ab-
sence (2, control vector) or the presence of increasing amounts of IRF-1
(1 5 100 ng and 11 5 200 ng), and were completed to 200 ng with
control vector. After transfection, cells were treated with media or IFN-g
(10 U/ml) as indicated. Results are expressed as in A. Luc., luciferase;
ISRE II Mut, mutant ISRE II. (C) Cells were cotransfected with the
ISRE II (243) reporter along with either control vectors (500 ng), IRF-1
(125 ng), IRF-2 (375 ng), or IRF-1 expression plasmids in the presence
of increasing amounts of IRF-2 (125, 250, and 375 ng). Results represent
the means from three independent experiments 6 SD.
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Both ISREs Found in the Cox-2 Promoter Form IFN-g–
inducible Complexes. Oligonucleotides containing both
ISRE sequences found in the Cox-2 promoter were end
labeled and used as probes for electrophoretic mobility shift
assay (EMSA). Incubation of these probes with nuclear ex-
tracts from untreated peritoneal macrophages resulted in a
distinct band (asterisk in Fig. 5 A; lanes 2 and 9) not present
in lanes containing free probes (lanes 1 and 8). Incubation
of cells with IFN-g for 1 or 3 h produced in both cases the
induction of a second band with slower mobility (black ar-
row in Fig. 5 A; lanes 3 and 4 for ISRE I, and lanes 10 and
11 for ISRE II). This band was more intense in ISRE II
than ISRE I, indicating a stronger binding activity of ISRE
II. Different doses of IFN-g were tested in the formation of
the inducible upper band (lanes 5–7 and 12–14). We deter-
mined that as little as 1 U/ml IFN-g for ISRE I or 0.1
U/ml for ISRE II was sufficient to stimulate the formation
of the upper complex. These data clearly indicate that both
ISREs found in the Cox-2 promoter are able to form con-
stitutive and IFN-g–inducible complexes with nuclear pro-
teins from murine macrophages. In both ISREs, the IFN-
g–inducible band was clearly competed with both GBP
and ISG15 cold ISRE probes, but not by a probe contain-
ing NF-kB binding site (Fig. 5 B).

IRF-1 and IRF-2 Form Complexes with Both Cox-2
ISREs. Our previous data with IRF-12/2 and IRF-22/2

macrophages (Fig. 3) indicated that IRF-1 and IRF-2 were
involved in the regulation of the expression of Cox-2 by
binding to its promoter (Fig. 4). Preincubation of EMSA
reactions with anti–IRF-1 antibody produced a clear su-
pershift of both ISRE I– and ISRE II–inducible bands (Fig.
5 C; lanes 4 and 10, asterisks), indicating the presence of
IRF-1 in these complexes. Antibodies against IRF-2 also
produced a supershift (lanes 5 and 11, arrows), although
displacement of the inducible band was less complete than
observed for anti–IRF-1 antibody.

To dissect further the composition of each complex, nu-
clear extracts from C57BL/61/1, IRF-12/2, and IRF-22/2

macrophages, untreated or treated with IFN-g, were used
for EMSA (Fig. 5 D). IRF-12/2 extracts were unable to
form the inducible upper complex seen in C57BL/61/1

extracts in the presence of IFN-g (compare lanes 3 and 5
for ISRE I and lanes 10 and 12 for ISRE II, arrows), dem-
onstrating that IRF-1 is part of this complex and is abso-
lutely necessary for its formation. IRF-2, on the other
hand, is not required for the formation of the inducible
bands, as these bands are present with IRF-22/2 extracts
and are enhanced in the presence of IFN-g (lanes 7 and 14,
arrows). However, a clear diminution of the constitutive
band formed by IRF-2 2/2 extracts and ISRE II in the
presence of IFN-g indicates that IRF-2 is part of this faster-
migrating complex (lane 14, asterisk). Taken together,
these data indicate that IRF-1 and IRF-2 bind through two
different ISREs located in the promoter of the Cox-2
gene. IRF-2 is part of the constitutive complex, whereas an
IRF-1–associated complex is induced by IFN-g.

Transcriptional Regulation of Cox-2 through ISREs. In
the transfection experiment shown in Fig. 2 C, we found

that IFN-g induced and coactivated LPS-dependent gene
transcription from a reporter driven by 2.1 kb of the Cox-2
promoter (PGHS-2 medium). To analyze the potential
transactivation characteristics of the ISREs located within
the Cox-2 promoter, RAW 264.7 cells were cotransfected
with a series of luciferase reporters (shown in Fig. 6 A, left),
along with increasing amounts of either an IRF-1 expres-
sion vector or a control plasmid. IRF-1 activated the
PGHS-2 medium reporter construct (Fig.6 A, top), which
contains both ISRE I and ISRE II, in a dose-dependent
manner, and reached a greater than threefold transactiva-
tion with the highest concentration of IRF-1 used (11;
Fig. 6 A, right). Removal of both ISREs, as is the case for
the PGHS-2 short construct or the Cox-2 basic promoter
(PGHS-2 [243]), completely abrogated IRF-1–dependent
transactivation, indicating the importance of these ISREs in
the whole promoter context. Although the PGHS-2 short
construct showed similar levels of activation compared with
PGHS-2 medium when cells were treated with IFN-g
alone, no coactivation with LPS and IFN-g was seen in
PGHS-2 short (data not shown), again indicating the im-
portance of the ISRE sequences.

To analyze further the transcriptional potential and spec-
ificity of each Cox-2 ISRE, reporter plasmids containing
three copies of each of these sites or mutated versions of
the same sequences were cloned in front of the basic Cox-2
promoter and tested (Fig. 6 B, left). Transcription could
be activated through both ISREs by IFN-g or by increas-
ing amounts of IRF-1, with levels comparable to those
seen for GBP-ISRE (Fig. 6 B, bottom), whereas the basic
promoter activity was not affected (Fig. 6 B, top). ISRE II
showed greater IFN-g– or IRF-1–dependent activation
than ISRE I, in agreement with the binding activity ob-
served for these ISREs in EMSA (compare ISRE I [243]
versus ISRE II [243] in Fig. 6 B). Mutation of two nucle-
otides located in the core TTTC of both ISRE sequences,
which destroyed the ISRE motif, completely abrogated
IFN-g– or IRF-1–dependent activation.

We showed previously that IRF-22/2 macrophages pos-
sess elevated Cox-2 mRNA and protein levels (Fig. 3, C and
D), suggesting a suppressive role of IRF-2 in this promoter.
Cotransfection of IRF-2 along with ISRE II (243) reporter
abrogated IFN-g–dependent activation of the luciferase ac-
tivity (Fig. 6 C, right; IRF-2). Moreover, it completely in-
hibited IRF-1–dependent activation when the highest dose
of IRF-2 was used, without affecting the LPS-dependent ac-
tivation of an unrelated AP1 reporter (Fig. 6 C, left). Taken
together, these data demonstrate that both ISREs located
upstream in the Cox-2 promoter are essential for IRF-1–
dependent activation. ISRE I and II are individually able to ac-
tivate transcription from a basic Cox-2 promoter in the pres-
ence of IRF-1, and mutations in these ISREs designed to
prevent IRF-1 binding were effective at abrogating transacti-
vation. Finally, we showed that IRF-2 works as a negative
regulator of Cox-2 promoter by inhibiting IFN-g– and
IRF-1–dependent activation by binding these ISREs.

IRF-12/2 Mice Are Unable to Sustain the LPS-induced Ex-
pression of the Cox-2 Gene in the Liver. We showed in
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vitro that macrophages respond to LPS and IFN-g syner-
gistically to activate the expression of Cox-2. In vivo, intra-
peritoneal injection of mice with a sublethal dose of LPS
(25 mg/mouse) sharply increased expression of Cox-2
mRNA in liver within 1 h, with no detectable difference
between IRF-12/2 and IRF-11/1 responses (Fig. 7). Strik-
ingly, by 3 h after injection, IRF-12/2 mice exhibited a
progressive decline in the steady-state levels of Cox-2
mRNA, approaching almost undetectable levels at 12 h af-
ter injection, whereas levels of Cox-2 mRNA remained
fairly constant in the IRF-11/1 mice. This data clearly indi-
cates that the transcription factor IRF-1 plays a critical role
in vivo in the maintenance of Cox-2 expression over time.

Discussion
IFN-g is a well-characterized macrophage differentiation

signal. Macrophages pretreated with IFN-g achieve a
higher level of activation, e.g., IFN-g–primed macrophages
become more sensitive to other stimuli, such as bacterial
products and cytokines, as evidenced by the synergistic
induction of many inflammatory gene products, e.g., iNOS
(12, 35, 36) and IL-12 p40 (13, 37, 42, 43). In this paper,
we show that activation with IFN-g, as well as its priming
effect, can be extended to Cox-2, another gene with a cen-
tral role in inflammatory responses. Although IFN-g regu-
lation of Cox-2 has been described previously (26, 44, 45),
little is known of the molecular mechanisms that underlie
activation of this gene by IFN-g. For example, in bronchial
epithelial cells (44) and in normal human epidermal kerati-
nocytes (26), Cox-2 induction is controlled through auto-
crine loops via the epidermal growth factor receptor and its
ligands, such as TGF-a, resulting in a delayed activation.
However, in macrophages, Cox-2 mRNA induction was
detected as early as 1 h after IFN-g treatment, and the pro-
tein expression was detected after 6 h (Fig. 1), giving us the
first indication of a distinct inductive mechanism.

Strikingly, IRF-12/2 macrophages were unable to acti-
vate IFN-g–dependent transcription or synergize with LPS
or IL-1 to elicit Cox-2 (Fig. 3). The lack of Cox-2 expres-
sion was also reflected in the low levels of PGE2 produced
by these cells 24 h after treatment. Conversely, in the case
of IRF-22/2 macrophages, we showed an increase in the
basal level of Cox-2 transcription and Cox-2 protein, as
well as in the release of IFN-g–stimulated PGE2. We pre-
sented data that showed dysregulated PGE2 release in IRF-
12/2 and IRF-22/2 macrophages as one of the possible
outcomes of Cox-2 dysregulation. However, Cox-2 ex-

pression and PGE2 release are not always coordinated, and
other PGs or thromboxanes may be dysregulated as well.
Transfection studies have shown that IRF-1 can function as
an activator, inducing Cox-2 promoter constructs that
contain ISREs (6), whereas IRF-2 antagonizes the function
of IRF-1 by working as a repressor (7, 8). Both IRF-1 and
IRF-2 are normally expressed at very low levels in the cell
(7, 46). An increase in the intracellular concentration of
IRF-1 significantly alters the IRF-1/IRF-2 ratio because of
the fact that IRF-2 levels remain fairly stable throughout
the cell cycle. It has been shown that the modification of
this ratio can produce a dramatic change in the transcrip-
tion pattern of cells (46). Interestingly, increased levels of
Cox-2 expression have been associated with oncogenic and
inflammatory processes. For example, Cox-2 protein is un-
detectable in normal intestine (47), but its levels are ele-
vated in up to 85% of colorectal adenocarcinomas (48–50),
coincident with an increase in metastatic potential (51). It is
tempting to speculate that an altered IRF-1/IRF-2 ratio
may exist in those cells, which could anomalously activate
gene expression.

We found that Cox-2 gene regulation by IRF-1 and
IRF-2 is achieved through two unique ISREs located up-
stream of the Cox-2 promoter. Although the consensus
sequence for IRF-1/IRF-2 binding motif, (G/C)(A)AAA
(N)2–3AAA(G/C)(T/C) (6, 9), did not precisely match the
sequences of the ISREs described here, ISRE II partially
matched sequences previously cloned for their affinity for
IRF-1 and IRF-2 binding (52), but with a single base
change in the core sequence (GTA instead of GTG). ISRE I
and ISRE II were able to bind IRF-1 and IRF-2 in the
context of the whole promoter (Fig. 4), recruiting similar
amounts of IRF-1 compared with three copies of the
GBP-ISRE (53). Moreover, removal of these ISRE se-
quences from the promoter context completely abolished
IRF-1–dependent Cox-2 gene transcription (Fig. 6 A). We
found that PGHS-2 short, which does not contain the
novel ISREs described, is nonetheless able to direct tran-
scription induced by IFN-g alone, but unable to coactivate
transcription by IFN-g and LPS (data not shown). This
finding supports previous studies showing that IFN-g also
triggers secondary signals that enhance transcription
through downstream binding sites (non-ISRE; references
26, 36, 44, 54, 55). When analyzed separately, ISRE II was
more efficient at binding IRF-1 and IRF-2 complexes than
ISRE I, and although both ISREs were able to enhance
transcription of the basic Cox-2 promoter in an IFN-g and
IRF-1 dose–dependent manner, their different binding ac-

Figure 7. IRF-12/2 mice exhibit diminished
hepatic Cox-2 mRNA expression in response
to LPS in vivo. Control (IRF-11/1) and IRF-
12/2 mice were injected with 25 mg LPS intra-
peritoneally, and livers were collected at the in-
dicated times after injection. Total RNA was
prepared from individual mice (four per time
point) and was analyzed for Cox-2– and
HPRT-specific transcripts by RT-PCR.
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tivities clearly correlated with distinct transactivation po-
tentials. Interestingly, homologous sites were also found in
the human Cox-2 promoter; they are located at a similar
distance from the transcription start site and follow a similar
orientation with respect to the entire promoter (Fig. 4 C).

IFN-g was also found to be a powerful coactivator of
IL-1a– and LPS-mediated induction of Cox-2 in mouse
peritoneal macrophages (Fig. 2). Pretreatment of macro-
phages with IFN-g clearly enhanced the activation induced
by IL-1a and LPS by .10-fold over that seen with either
of these inducers alone. Whereas LPS induction of Cox-2
is controlled in large measure at the level of transcription
(28, 32, 56), IL-1a regulates Cox-2 expression largely
through stabilization of Cox-2 mRNA (34), consistent
with our inability to detect IL-1a–mediated response in
transient transfection assays using the Cox-2 promoter. The
activation of Cox-2 by a combination of IFN-g and LPS
was described previously using the macrophage cell line
RAW 264.7 (45), although this effect was not seen in hu-
man peripheral blood monocytes (31). The synergy of
IFN-g with IL-1a for activation of Cox-2 protein expres-
sion and PGE2 release has also been controversial (57, 58).
Recently, Barrios-Rodiles and Chadee (58) described an
inhibitory effect of IFN-g priming on IL-1b–dependent
activation of Cox-2. These differences may possibly be at-
tributable to the different states of differentiation/activation
of the cells used in the different studies (monocytic or pro-
myelocytic cells treated with PMA compared with thiogly-
collate-elicited macrophages or the macrophage cells line
RAW 264.7). In addition to the two novel ISRE sites de-
scribed herein, other sites have been identified in the pro-
moter region of the Cox-2 gene, e.g., stimuli that activate
G proteins and protein kinases A and C can stimulate the
synthesis of Cox-2 by a process involving the cyclic AMP
response element (CRE) and E-box (Fig. 4 A; references
55, 59–61). Other inducers of Cox-2, like IL-1, TNF,
GM-CSF, and LPS, elicit their activity through the usage,
to varying extents, of NF-kB, NF–IL-6, and the CRE
binding sites also located within the Cox-2 promoter, and
are conserved among different species (32, 62–64). One
possible mechanism of IFN-g coactivation is the coopera-
tion between IRF-1, bound to both ISREs located up-
stream in the promoter, and the transcription factors that
bind to these downstream sites. Because IRF members
have been involved in the recruitment of histone acetylases
to the promoter environment (23), one additional but not
exclusive possibility is that IRF-1, after binding to the
ISREs, increases the concentration of these chromatin-
modifying activities in the promoter, making it more acces-
sible for the binding of other factors (65).

Moreover, IRF-1 is inducible by several cytokines (e.g.,
IL-1, TNF, IL-6 [52, 66, 67], IL-12 [68, 69]), and by LPS
(70), which have also been demonstrated to increase Cox-2
expression. This suggested the possibility that IRF-1 also
contributes to the regulation of Cox-2 gene expression by
these activators. Our findings using IRF-1– and IRF-2–
deficient macrophages confirm this relationship, as IL-1–
and LPS-dependent transcription and protein synthesis of

Cox-2 are clearly modified with respect to the response of
macrophages from normal control mice (Fig. 3; compare
stimulation with IL-1a and LPS individually).

With the data presented here, we have identified clear
parallels in the expression of iNOS and Cox-2 genes. Both
of these genes play essential roles in innate immune re-
sponses and inflammatory processes, being regulated at
transcriptional (36, 54, 71), posttranscriptional, and post-
translational levels (72, 73). iNOS gene expression is tran-
scriptionally induced by IFN-g and LPS in peritoneal mac-
rophages (74). Two ISREs in the promoter region of the
iNOS gene are involved in its IFN-g–dependent transcrip-
tional activation (12, 36). They are arranged in opposite
orientations, binding IRF-1 and activating transcription in
combination with p50/cRel and NF-kB sites in the pro-
moter (36, 54). IRF-12/2 macrophages are deficient in the
expression of iNOS and the production of NO after IFN-g
treatment (12, 13). Although iNOS regulation also shows a
dependency on ICSBP for its induction (75), we did not
detect binding of endogenous ICSBP to the Cox-2 pro-
moter under conditions employed. However, we cannot
rule out the possibility of a weak binding and a functional
role for this factor in the regulation of Cox-2 gene expres-
sion. Nevertheless, we found that IRF-2 is part of the con-
stitutive complex that binds to the Cox-2 ISREs. In the
absence of IRF-2, increases in basal and stimulated Cox-2
gene and protein expression were observed, with an associ-
ated increase in the PGE2 release upon IFN-g stimulation.
Overexpression of IRF-2 completely abolished IRF-1– as
well as IFN-g–dependent activation of the Cox-2 pro-
moter, indicating a silencing role for IRF-2. To date, the
negative regulation of Cox-2 gene expression by IRF-2,
and its potential for attenuating inflammatory responses, has
not been explored.

Focal cerebral ischemia has been associated with the up-
regulation of both iNOS and Cox-2 genes, which have
been implicated in the brain injury associated with stroke
(18, 76–78). In a mouse model of cerebral ischemia, it has
been shown that during the ischemic process, IRF-1
mRNA was upregulated in normal mice, whereas in IRF-
12/2 mice, there was attenuation of brain injury after
ischemia (79). Although the authors point out that a de-
crease in NO production may be one cause of this attenua-
tion, the data presented herein suggest that a decrease in
PG release secondary to attenuated Cox-2 production
may contribute to the decrease in the ischemic injury in
IRF-12/2 mice. Moreover, we found that IRF-12/2 mice
are unable to sustain steady-state mRNA production of
Cox-2 in the liver after intraperitoneal injection of LPS
(Fig. 7). We have confirmed that these mice are severely
deficient in the production of serum IFN-g after LPS
treatment when compared with IRF-11/1 controls (80;
data not shown). The peak of IFN-g production is at 8–12 h
after LPS injection (data not shown), which correlates
strongly with the sustained gene activation in IRF-11/1 mice.
Along the same lines, it has been reported that IRF-12/2

mice are less susceptible to LPS-induced mortality (80;
data not shown), which again suggests a role for Cox-2
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and PG in the inflammatory response associated with septic
shock.

We have presented herein a detailed biological and
mechanistic analysis of the direct activation of Cox-2 gene
by IFN-g in freshly isolated macrophages, a major cellular
target for IFN-g and an important source of inflammatory
PGs. We have demonstrated for the first time that two
members of the IRF family of transcription factors, IRF-1
and IRF-2, regulate Cox-2 gene expression by their oppo-
site actions through two ISRE sites found in the promoter.
Moreover, we found that IRF-1 is necessary for the main-
tenance of hepatic Cox-2 gene expression by LPS in vivo.
Given the recent increase in interest in Cox-2 regulation in
the search for new antiinflammatory drugs, our data pro-
vide critical new information that may result in novel ther-
apeutic intervention strategies.

We would like to thank Dr. Takeshi Kuwata for the IRF-1 expres-
sion vector, and all members of the Vogel and Ozato laboratories
for helpful discussions and suggestions. 

This work has been supported by National Institutes of Health
grant AI-18797 (to S.N. Vogel) and grants GM-40713 and GM-
57323 (to D.L. DeWitt).

Submitted: 4 February 2000
Revised: 17 April 2000
Accepted: 24 April 2000

References
1. Smith, W.L. 1992. Prostanoid biosynthesis and mechanisms

of action. Am. J. Physiol. 263:F181–F191.
2. Smith, W.L., and D.L. DeWitt. 1995. Biochemistry of pros-

taglandin endoperoxide H synthase-1 and synthase-2 and
their differential susceptibility to nonsteroidal anti-inflamma-
tory drugs. Semin. Nephrol. 15:179–194.

3. Smith, W.L., R.M. Garavito, and D.L. DeWitt. 1996. Pros-
taglandin endoperoxide H synthases (cyclooxygenases)-1 and
-2. J. Biol. Chem. 271:33157–33160.

4. Boehm, U., T. Klamp, M. Groot, and J.C. Howard. 1997.
Cellular responses to interferon-gamma. Annu. Rev. Immunol.
15:749–795.

5. Mamane, Y., C. Heylbroeck, P. Genin, M. Algarte, M.J. Ser-
vant, C. LePage, C. DeLuca, H. Kwon, R. Lin, and J. His-
cott. 1999. Interferon regulatory factors: the next generation.
Gene. 237:1–14.

6. Taniguchi, T., M.S. Lamphier, and N. Tanaka. 1997. IRF-1:
the transcription factor linking the interferon response and
oncogenesis. Biochim. Biophys. Acta. 1333:M9–M17.

7. Harada, H., K. Willison, J. Sakakibara, M. Miyamoto, T.
Fujita, and T. Taniguchi. 1990. Absence of the type I IFN
system in EC cells: transcriptional activator (IRF-1) and re-
pressor (IRF-2) genes are developmentally regulated. Cell. 63:
303–312.

8. Yamamoto, H., M.S. Lamphier, T. Fujita, T. Taniguchi, and
H. Harada. 1994. The oncogenic transcription factor IRF-2
possesses a transcriptional repression and a latent activation
domain. Oncogene. 9:1423–1428.

9. Levy, D.E. 1998. Analysis of interferon-regulated proteins
binding the interferon-alpha-stimulated response element.
Methods. 15:167–174.

10. Tanaka, N., T. Kawakami, and T. Taniguchi. 1993. Recog-

nition DNA sequences of interferon regulatory factor 1
(IRF-1) and IRF-2, regulators of cell growth and the inter-
feron system. Mol. Cell. Biol. 13:4531–4538.

11. Kimura, T., K. Nakayama, J. Penninger, M. Kitagawa, H.
Harada, T. Matsuyama, N. Tanaka, R. Kamijo, J. Vilcek,
T.W. Mak, et al. 1994. Involvement of the IRF-1 transcrip-
tion factor in antiviral responses to interferons. Science. 264:
1921–1924.

12. Kamijo, R., H. Harada, T. Matsuyama, M. Bosland, J. Gere-
citano, D. Shapiro, J. Le, S.I. Koh, T. Kimura, S.J. Green, et
al. 1994. Requirement for transcription factor IRF-1 in NO
synthase induction in macrophages. Science. 263:1612–1615.

13. Salkowski, C.A., K. Kopydlowski, J. Blanco, M.J. Cody, R.
McNally, and S.N. Vogel. 1999. IL-12 is dysregulated in
macrophages from IRF-1 and IRF-2 knockout mice. J. Im-
munol. 163:1529–1536.

14. Salkowski, C.A., S.A. Barber, G.R. Detore, and S.N. Vogel.
1996. Differential dysregulation of nitric oxide production in
macrophages with targeted disruptions in IFN regulatory fac-
tor-1 and -2 genes. J. Immunol. 156:3107–3110.

15. McIntire, F.C., H.W. Sievert, G.H. Barlow, R.A. Finley, and
A.Y. Lee. 1967. Chemical, physical, biological properties of a
lipopolysaccharide from Escherichia coli K-235. Biochemistry.
6:2363–2372.

16. Nelson, N., Y. Kanno, C. Hong, C. Contursi, T. Fujita, B.J.
Fowlkes, E. O’Connell, J. Hu-Li, W.E. Paul, D. Jankovic, et
al. 1996. Expression of IFN regulatory factor family proteins
in lymphocytes. Induction of Stat-1 and IFN consensus se-
quence binding protein expression by T cell activation. J. Im-
munol. 156:3711–3720.

17. Politis, A.D., K. Ozato, J.E. Coligan, and S.N. Vogel. 1994.
Regulation of IFN-gamma-induced nuclear expression of
IFN consensus sequence binding protein in murine peritoneal
macrophages. J. Immunol. 152:2270–2278.

18. Nogawa, S., C. Forster, F. Zhang, M. Nagayama, M.E. Ross,
and C. Iadecola. 1998. Interaction between inducible nitric
oxide synthase and cyclooxygenase-2 after cerebral ischemia.
Proc. Natl. Acad. Sci. USA. 95:10966–10971.

19. Konecki, D.S., J. Brennand, J.C. Fuscoe, C.T. Caskey, and
A.C. Chinault. 1982. Hypoxanthine-guanine phosphoribo-
syltransferase genes of mouse and Chinese hamster: construc-
tion and sequence analysis of cDNA recombinants. Nucleic Ac-
ids Res. 10:6763–6775.

20. Kraemer, S.A., K.A. Arthur, M.S. Denison, W.L. Smith, and
D.L. DeWitt. 1996. Regulation of prostaglandin endoperox-
ide H synthase-2 expression by 2,3,7,8,-tetrachlorodibenzo-
p-dioxin. Arch. Biochem. Biophys. 330:319–328.

21. Medvedev, A.E., J.C. Blanco, N. Qureshi, and S.N. Vogel.
1999. Limited role of ceramide in lipopolysaccharide-medi-
ated mitogen-activated protein kinase activation, transcription
factor induction, and cytokine release. J. Biol. Chem. 274:
9342–9350.

22. Wang, I.M., J.C. Blanco, S.Y. Tsai, M.J. Tsai, and K. Ozato.
1996. Interferon regulatory factors and TFIIB cooperatively
regulate interferon-responsive promoter activity in vivo and
in vitro. Mol. Cell. Biol. 16:6313–6324.

23. Masumi, A., I.M. Wang, B. Lefebvre, X.J. Yang, Y. Naka-
tani, and K. Ozato. 1999. The histone acetylase PCAF is a
phorbol-ester-inducible coactivator of the IRF family that
confers enhanced interferon responsiveness. Mol. Cell. Biol.
19:1810–1820.

24. Dignam, J.D., R.M. Lebovitz, and R.G. Roeder. 1983. Ac-
curate transcription initiation by RNA polymerase II in a sol-

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/191/12/2131/1697217/000185.pdf by guest on 20 M

arch 2024



2143 Blanco et al.

uble extract from isolated mammalian nuclei. Nucleic Acids
Res. 11:1475–1489.

25. Bovolenta, C., P.H. Driggers, M.S. Marks, J.A. Medin, A.D.
Politis, S.N. Vogel, D.E. Levy, K. Sakaguchi, E. Appella, J.E.
Coligan, and K. Ozato. 1994. Molecular interactions between
interferon consensus sequence binding protein and members
of the interferon regulatory factor family. Proc. Natl. Acad. Sci.
USA. 91:5046–5050.

26. Matsuura, H., M. Sakaue, K. Subbaramaiah, H. Kamitani,
T.E. Eling, A.J. Dannenberg, T. Tanabe, H. Inoue, J. Arata,
and A.M. Jetten. 1999. Regulation of cyclooxygenase-2 by
interferon gamma and transforming growth factor alpha in
normal human epidermal keratinocytes and squamous carci-
noma cells. Role of mitogen-activated protein kinases. J. Biol.
Chem. 274:29138–29148.

27. Lakics, V., and S.N. Vogel. 1998. Lipopolysaccharide and
ceramide use divergent signaling pathways to induce cell death
in murine macrophages. J. Immunol. 161:2490–2500.

28. Barrios-Rodiles, M., G. Tiraloche, and K. Chadee. 1999. Li-
popolysaccharide modulates cyclooxygenase-2 transcription-
ally and posttranscriptionally in human macrophages indepen-
dently from endogenous IL-1 beta and TNF-alpha. J.
Immunol. 163:963–969.

29. Lee, S.H., E. Soyoola, P. Chanmugam, S. Hart, W. Sun, H.
Zhong, S. Liou, D. Simmons, and D. Hwang. 1992. Selective
expression of mitogen-inducible cyclooxygenase in macro-
phages stimulated with lipopolysaccharide. J. Biol. Chem. 267:
25934–25938.

30. Yang, T., D. Sun, Y.G. Huang, A. Smart, J.P. Briggs, and J.B.
Schnermann. 1999. Differential regulation of COX-2 expres-
sion in the kidney by lipopolysaccharide: role of CD14. Am.
J. Physiol. 277:F10–F16.

31. Endo, T., F. Ogushi, and S. Sone. 1996. LPS-dependent cy-
clooxygenase-2 induction in human monocytes is down-reg-
ulated by IL-13, but not by IFN-gamma. J. Immunol. 156:
2240–2246.

32. Inoue, H., and T. Tanabe. 1998. Transcriptional role of the
nuclear factor kappa B site in the induction by lipopolysac-
charide and suppression by dexamethasone of cyclooxygen-
ase-2 in U937 cells. Biochem. Biophys. Res. Commun. 244:
143–148.

33. O’Banion, M.K., V.D. Winn, and D.A. Young. 1992. cDNA
cloning and functional activity of a glucocorticoid-regulated
inflammatory cyclooxygenase. Proc. Natl. Acad. Sci. USA. 89:
4888–4892.

34. Ristimaki, A., S. Garfinkel, J. Wessendorf, T. Maciag, and T.
Hla. 1994. Induction of cyclooxygenase-2 by interleukin-1
alpha. Evidence for post-transcriptional regulation. J. Biol.
Chem. 269:11769–11775.

35. Martin, E., C. Nathan, and Q.W. Xie. 1994. Role of inter-
feron regulatory factor 1 in induction of nitric oxide synthase.
J. Exp. Med. 180:977–984.

36. Xie, Q.W., R. Whisnant, and C. Nathan. 1993. Promoter of
the mouse gene encoding calcium-independent nitric oxide
synthase confers inducibility by interferon gamma and bacte-
rial lipopolysaccharide. J. Exp. Med. 177:1779–1784.

37. Scharton-Kersten, T., C. Contursi, A. Masumi, A. Sher, and
K. Ozato. 1997. Interferon consensus sequence binding pro-
tein-deficient mice display impaired resistance to intracellular
infection due to a primary defect in interleukin 12 p40 induc-
tion. J. Exp. Med. 186:1523–1534.

38. Sims, S.H., Y. Cha, M.F. Romine, P.Q. Gao, K. Gottlieb,
and A.B. Deisseroth. 1993. A novel interferon-inducible do-

main: structural and functional analysis of the human inter-
feron regulatory factor 1 gene promoter. Mol. Cell. Biol. 13:
690–702.

39. Coccia, E.M., G. Marziali, E. Stellacci, E. Perrotti, R. Ilari,
R. Orsatti, and A. Battistini. 1995. Cells resistant to inter-
feron-beta respond to interferon-gamma via the Stat1-IRF-1
pathway. Virology. 211:113–122.

40. Harada, H., T. Fujita, M. Miyamoto, Y. Kimura, M.
Maruyama, A. Furia, T. Miyata, and T. Taniguchi. 1989.
Structurally similar but functionally distinct factors, IRF-1
and IRF- 2, bind to the same regulatory elements of IFN and
IFN-inducible genes. Cell. 58:729–739.

41. Quandt, K., K. Frech, H. Karas, E. Wingender, and T.
Werner. 1995. MatInd and MatInspector: new fast and versa-
tile tools for detection of consensus matches in nucleotide se-
quence data. Nucleic Acids Res. 23:4878–4884.

42. Giese, N.A., L. Gabriele, T.M. Doherty, D.M. Klinman, L.
Tadesse-Heath, C. Contursi, S.L. Epstein, and H.C. Morse
III. 1997. Interferon (IFN) consensus sequence-binding pro-
tein, a transcription factor of the IFN regulatory factor family,
regulates immune responses in vivo through control of inter-
leukin 12 expression. J. Exp. Med. 186:1535–1546.

43. Gri, G., D. Savio, G. Trinchieri, and X. Ma. 1998. Synergis-
tic regulation of the human interleukin-12 p40 promoter by
NFkappaB and Ets transcription factors in Epstein-Barr virus-
transformed B cells and macrophages. J. Biol. Chem. 273:
6431–6438.

44. Asano, K., H. Nakamura, C.M. Lilly, M. Klagsbrun, and J.M.
Drazen. 1997. Interferon gamma induces prostaglandin G/H
synthase-2 through an autocrine loop via the epidermal
growth factor receptor in human bronchial epithelial cells. J.
Clin. Invest. 99:1057–1063.

45. Riese, J., T. Hoff, A. Nordhoff, D.L. DeWitt, K. Resch, and
V. Kaever. 1994. Transient expression of prostaglandin en-
doperoxide synthase-2 during mouse macrophage activation.
J. Leukoc. Biol. 55:476–482.

46. Harada, H., M. Kitagawa, N. Tanaka, H. Yamamoto, K.
Harada, M. Ishihara, and T. Taniguchi. 1993. Anti-oncogenic
and oncogenic potentials of interferon regulatory factors-1
and -2. Science. 259:971–974.

47. Kargman, S., S. Charleson, M. Cartwright, J. Frank, D. Rien-
deau, J. Mancini, J. Evans, and G. O’Neill. 1996. Character-
ization of Prostaglandin G/H Synthase 1 and 2 in rat, dog,
monkey, and human gastrointestinal tracts. Gastroenterology.
111:445–454.

48. Eberhart, C.E., R.J. Coffey, A. Radhika, F.M. Giardiello, S.
Ferrenbach, and R.N. DuBois. 1994. Up-regulation of cy-
clooxygenase 2 gene expression in human colorectal ade-
nomas and adenocarcinomas. Gastroenterology. 107:1183–
1188.

49. Kargman, S.L., G.P. O’Neill, P.J. Vickers, J.F. Evans, J.A.
Mancini, and S. Jothy. 1995. Expression of prostaglandin G/H
synthase-1 and -2 protein in human colon cancer. Cancer Res.
55:2556–2559.

50. Sano, H., Y. Kawahito, R.L. Wilder, A. Hashiramoto, S.
Mukai, K. Asai, S. Kimura, H. Kato, M. Kondo, and T. Hla.
1995. Expression of cyclooxygenase-1 and -2 in human co-
lorectal cancer. Cancer Res. 55:3785–3789.

51. Tsujii, M., S. Kawano, and R.N. DuBois. 1997. Cyclooxyge-
nase-2 expression in human colon cancer cells increases meta-
static potential. Proc. Natl. Acad. Sci. USA. 94:3336–3340.

52. Tanaka, N., and T. Taniguchi. 1992. Cytokine gene regula-
tion: regulatory cis-elements and DNA binding factors in-

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/191/12/2131/1697217/000185.pdf by guest on 20 M

arch 2024



2144 IRF-1 and IRF-2 Regulation of the Cox-2 Gene

volved in the interferon system. Adv. Immunol. 52:263–281.
53. Lew, D.J., T. Decker, I. Strehlow, and J.E. Darnell. 1991.

Overlapping elements in the guanylate-binding protein gene
promoter mediate transcriptional induction by alpha and
gamma interferons. Mol. Cell. Biol. 11:182–191.

54. Lowenstein, C.J., E.W. Alley, P. Raval, A.M. Snowman,
S.H. Snyder, S.W. Russell, and W.J. Murphy. 1993. Mac-
rophage nitric oxide synthase gene: two upstream regions me-
diate induction by interferon gamma and lipopolysaccharide.
Proc. Natl. Acad. Sci. USA. 90:9730–9734.

55. Wadleigh, D.J., S.T. Reddy, E. Kopp, S. Ghosh, and H.R.
Herschman. 2000. Transcriptional activation of the cyclooxy-
genase-2 gene in endotoxin-treated RAW 264.7 macro-
phages. J. Biol. Chem. 275:6259–6266.

56. D’Acquisto, F., T. Iuvone, L. Rombola, L. Sautebin, M. Di
Rosa, and R. Carnuccio. 1997. Involvement of NF-kappaB
in the regulation of cyclooxygenase-2 protein expression in
LPS-stimulated J774 macrophages. FEBS Lett. 418:175–178.

57. Browning, J.L., and A. Ribolini. 1987. Interferon blocks in-
terleukin 1-induced prostaglandin release from human pe-
ripheral monocytes. J. Immunol. 138:2857–2863.

58. Barrios-Rodiles, M., and K. Chadee. 1998. Novel regulation
of cyclooxygenase-2 expression and prostaglandin E2 produc-
tion by IFN-gamma in human macrophages. J. Immunol. 161:
2441–2448.

59. Kim, Y., and S.M. Fischer. 1998. Transcriptional regulation
of cyclooxygenase-2 in mouse skin carcinoma cells. Regula-
tory role of CCAAT/enhancer-binding proteins in the differ-
ential expression of cyclooxygenase-2 in normal and neoplas-
tic tissues. J. Biol. Chem. 273:27686–27694.

60. Xie, W., B.S. Fletcher, R.D. Andersen, and H.R. Hersch-
man. 1994. v-src induction of the Tis10/Pgs2 prostaglandin
synthase gene is mediated by an Atf/Cre transcription re-
sponse element. Mol. Cell. Biol. 14:6531–6539.

61. Xie, W., and H.R. Herschman. 1995. v-src induces prosta-
glandin synthase 2 gene expression by activation of the c-Jun
N-terminal kinase and the c-Jun transcription factor. J. Biol.
Chem. 270:27622–27628.

62. Inoue, H., T. Nanayama, S. Hara, C. Yokoyama, and T.
Tanabe. 1994. The cyclic AMP response element plays an
essential role in the expression of the human prostaglandin-
endoperoxide synthase 2 gene in differentiated U937 mono-
cytic cells. FEBS Lett. 350:51–54.

63. Sorli, C.H., H.J. Zhang, M.B. Armstrong, R.V. Rajotte, J.
Maclouf, and R.P. Robertson. 1998. Basal expression of cy-
clooxygenase-2 and nuclear factor-interleukin 6 are dominant
and coordinately regulated by interleukin 1 in the pancreatic
islet. Proc. Natl. Acad. Sci. USA. 95:1788–1793.

64. Yamamoto, K., T. Arakawa, N. Ueda, and S. Yamamoto.
1995. Transcriptional roles of nuclear factor kappa B and nu-
clear factor-interleukin-6 in the tumor necrosis factor alpha-
dependent induction of cyclooxygenase-2 in MC3T3-E1
cells. J. Biol. Chem. 270:31315–31320.

65. Struhl, K. 1999. Fundamentally different logic of gene regula-
tion in eukaryotes and prokaryotes. Cell. 98:1–4.

66. Fujita, T., L.F. Reis, N. Watanabe, Y. Kimura, T. Taniguchi,
and J. Vilcek. 1989. Induction of the transcription factor IRF-1
and interferon-beta mRNAs by cytokines and activators of
second-messenger pathways. Proc. Natl. Acad. Sci. USA. 86:
9936–9940.

67. Watanabe, N., J. Sakakibara, A.G. Hovanessian, T. Tanigu-
chi, and T. Fujita. 1991. Activation of IFN-beta element by

IRF-1 requires a posttranslational event in addition to IRF-1
synthesis. Nucleic Acids Res. 19:4421–4428.

68. Coccia, E.M., N. Passini, A. Battistini, C. Pini, F. Sinigaglia,
and L. Rogge. 1999. Interleukin-12 induces expression of in-
terferon regulatory factor-1 via signal transducer and activator
of transcription-4 in human T helper type 1 cells. J. Biol.
Chem. 274:6698–6703.

69. Galon, J., C. Sudarshan, S. Ito, D. Finbloom, and J.J. O’Shea.
1999. IL-12 induces IFN regulating factor-1 (IRF-1) gene
expression in human NK and T cells. J. Immunol. 162:7256–
7262.

70. Barber, S.A., M.J. Fultz, C.A. Salkowski, and S.N. Vogel.
1995. Differential expression of interferon regulatory factor 1
(IRF-1), IRF- 2, and interferon consensus sequence binding
protein genes in lipopolysaccharide (LPS)-responsive and
LPS-hyporesponsive macrophages. Infect. Immun. 63:601–
608.

71. Xie, Q.W., Y. Kashiwabara, and C. Nathan. 1994. Role of
transcription factor NF-kappa B/Rel in induction of nitric
oxide synthase. J. Biol. Chem. 269:4705–4708.

72. Vodovotz, Y., C. Bogdan, J. Paik, Q.W. Xie, and C. Nathan.
1993. Mechanisms of suppression of macrophage nitric oxide
release by transforming growth factor beta. J. Exp. Med. 178:
605–613.

73. Vodovotz, Y., N.S. Kwon, M. Pospischil, J. Manning, J. Paik,
and C. Nathan. 1994. Inactivation of nitric oxide synthase af-
ter prolonged incubation of mouse macrophages with IFN-
gamma and bacterial lipopolysaccharide. J. Immunol. 152:
4110–4118.

74. Ding, A.H., C.F. Nathan, and D.J. Stuehr. 1988. Release of
reactive nitrogen intermediates and reactive oxygen interme-
diates from mouse peritoneal macrophages. Comparison of
activating cytokines and evidence for independent produc-
tion. J. Immunol. 141:2407–2412.

75. Contursi, C., I.M. Wang, L. Gabriele, M. Gadina, J. O’Shea,
H.C. Morse III, and K. Ozato. 2000. IFN consensus sequence
binding protein potentiates STAT1-dependent activation of
IFNgamma-responsive promoters in macrophages. Proc. Natl.
Acad. Sci. USA. 97:91–96.

76. Iadecola, C., C. Forster, S. Nogawa, H.B. Clark, and M.E.
Ross. 1999. Cyclooxygenase-2 immunoreactivity in the hu-
man brain following cerebral ischemia. Acta Neuropathol. 98:
9–14.

77. Miettinen, S., F.R. Fusco, J. Yrjanheikki, R. Keinanen, T.
Hirvonen, R. Roivainen, M. Narhi, T. Hokfelt, and J. Kois-
tinaho. 1997. Spreading depression and focal brain ischemia in-
duce cyclooxygenase-2 in cortical neurons through N-methyl-
d-aspartic acid-receptors and phospholipase A2. Proc. Natl.
Acad. Sci. USA. 94:6500–6505.

78. Nogawa, S., F. Zhang, M.E. Ross, and C. Iadecola. 1997.
Cyclo-oxygenase-2 gene expression in neurons contributes to
ischemic brain damage. J. Neurosci. 17:2746–2755.

79. Iadecola, C., C.A. Salkowski, F. Zhang, T. Aber, M. Na-
gayama, S.N. Vogel, and M.E. Ross. 1999. The transcription
factor interferon regulatory factor 1 is expressed after cerebral
ischemia and contributes to ischemic brain injury. J. Exp.
Med. 189:719–727.

80. Senaldi, G., C.L. Shaklee, J. Guo, L. Martin, T. Boone, T.W.
Mak, and T.R. Ulich. 1999. Protection against the mortality
associated with disease models mediated by TNF and IFN-
gamma in mice lacking IFN regulatory factor-1. J. Immunol.
163:6820–6826.

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/191/12/2131/1697217/000185.pdf by guest on 20 M

arch 2024


