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Prostaglandin J; (PGJ;) and its metabolites A2-PGJ; and 15-deoxy-
A12.14.pGJ, (15d-PGJ;) are naturally occurring derivatives of pros-
taglandin D, that have been suggested to exert antiinflammatory
effects in vivo. 15d-PGJ; is a high-affinity ligand for the peroxisome
proliferator-activated receptor y (PPARy) and has been demon-
strated to inhibit the induction of inflammatory response genes,
including inducible NO synthase and tumor necrosis factor «, in a
PPARy-dependent manner. We report here that 15d-PGJ; potently
inhibits NF-kB-dependent transcription by two additional PPARy-
independent mechanisms. Several lines of evidence suggest that
15d-PGJ, directly inhibits NF-«B-dependent gene expression
through covalent modifications of critical cysteine residues in I1xB
kinase and the DNA-binding domains of NF-«B subunits. These
mechanisms act in combination to inhibit transactivation of the
NF-kB target gene cyclooxygenase 2. Direct inhibition of NF-«B
signaling by 15d-PGJ, may contribute to negative regulation of
prostaglandin biosynthesis and inflammation, suggesting addi-
tional approaches to the development of antiinflammatory drugs.

Prostaglandin J» (PGJy) and its metabolites are naturally
occurring derivatives of prostaglandin D, (PGD,). The path-
way for formation of these compounds involves sequential
conversion of PGD, to PGJ,, A>-PGJ,, and 15-deoxy-Al%14-
PGJ, (15d-PGJ>) (1). The last of these metabolites, 15d-PGJ5, is
a high-affinity ligand for peroxisome proliferator-activated re-
ceptor v (PPARY) (2, 3). 15d-PGJ, represses several genes in
activated macrophages, including the inducible NO synthase
(INOS) and tumor necrosis factor a (TNFa) genes, and this
repression is at least partly dependent on PPARYy expression
(4-6). 15d-PGJ, is present in vivo during the resolution phase of
inflammation, suggesting that it may function as a feedback
regulator of the inflammatory response (7).

Previous studies evaluating PPARy-dependent inhibition of
iNOS expression indicated that 15d-PGJ, was significantly more
effective than synthetic PPARYy ligands, despite binding to
PPARvy with lower affinity (4). PGJ, and its metabolites are
characterized by the presence of a cyclopentenone ring system
that contains an electrophilic carbon that can react covalently by
means of the Michael addition reaction with nucleophiles such
as the free sulfhydryls of glutathione and cysteine residues in
cellular proteins (1, 8, 9). This reactive center is not present in
the synthetic PPARy ligands and has been proposed to account
for some of the receptor-independent biological actions of PGJ5,
its metabolites, and the related cyclopentenone prostaglandins
PGA, and PGA; (8, 9).

The transcription factor NF-«B plays a key role in the acti-
vation of inflammatory response genes (10). In resting cells,
NF-«B is sequestered in the cytoplasm by association with an
inhibitory protein IkB. In response to signaling by inflammatory
cytokines, IkB kinase (IKK) is activated and phosphorylates I«B
on two serine residues. I«kB is then ubiquitinated and degraded
by the proteasome, freeing NF-«kB to migrate into the nucleus
and activate gene expression (10). We show here that 15d-PGlJ,
inhibits IKK and also directly inhibits DNA binding of NF-«B.
These results provide a mechanistic explanation for the PPARy-
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independent repression of NF-«kB by 15d-PGJ,. Moreover, the
relative importance of the two mechanisms, inhibition of IKK
and inhibition of NF-kB DNA binding, differs among different
cell types.

Methods

Cell Culture. HeLa cells were obtained from G. Sato (11), and
RAW264.7 cells were obtained from the American Type Culture
Collection. Both cell lines were cultured in DMEM supple-
mented with 10% FBS plus penicillin (100 units/ml) and strep-
tomycin (100 pg/ml). The medium for RAW264.7 cells was
supplemented with 0.1 mM nonessential amino acids (GIBCO/
BRL). Prostaglandins were obtained from Cayman Chemical
(Ann Arbor, MI) or Biomol (Plymouth Meeting, PA). 2-Cyclo-
penten-1-one was purchased from Aldrich. BRL49653 was ob-
tained from Glaxo Wellcome. LPS (Escherichia coli serotype
0127:B8) was from Sigma. Recombinant human TNF« was
obtained from R & D Systems.

Transient Transfection. Transient transfections were carried out as
described previously by using Lipofectamine (4) or calcium
phosphate (9, 12) to transfect RAW264.7 and HeLa cells,
respectively. The PPAR<y expression vector pCMX-PPARY,
iNOS promoter-luciferase construct, and NF-«B-dependent re-
porter construct (3 X NF-kB) have been described previously (4).
The AP-1-dependent reporter construct (3X AP-1)-TATA-
luciferase has been described separately (13). The previously
described cyclooxygenase 2 (COX-2) promoter (TIS10) (14) was
subcloned into the BNXH luciferase vector (4). Transfections
were performed at 1-3 X 10° cells per well in 6-well plates. The
cells were allowed to rest for 8 h or overnight in medium
containing 0.5% FBS, followed by treatment with the indicated
compounds for 18 h. PPARy-dependent effects were deter-
mined by cotransfection of cells with the mouse PPARy expres-
sion construct pCMX-PPARy (4). Cell extracts were assayed for
luciferase and B-galactosidase activity, as described previously
(9, 12). Luciferase activity was then normalized to B-galactosi-
dase activity (9, 12). Results were expressed as mean * SE of
three determinations, except where indicated.

Preparation of Nuclear Protein Extracts and Electrophoretic Mobility-
Shift Assays (EMSAs). Nuclear protein extracts were prepared as
described (15). EMSAs of nuclear protein extracts were per-
formed as described previously (12), using an oligonucleotide
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probe containing the high-affinity NF-«kB binding site of the
mouse Igk enhancer (Promega). In competition experiments, a
100-fold molar excess of unlabeled oligonucleotide was added to
the binding mixture before the addition of nuclear protein
extract. For EMSAs of purified p65/p50 heterodimers, binding
reactions were performed by using various concentrations of
15d-PGJ; or cyclopentenone with constant amounts of NF-«B
p50/p65 (20 nM). After a 6-h incubation at 20°C, constant
amounts of DNA (200 pM) and 0.1 mM dithiothreitol were
added to the reactions and incubated at 20°C for 30 min.
Protein—-DNA complexes were resolved by nondenaturing SDS/
PAGE.

Western Blot Analysis. Western blot analysis was performed by
standard methods. All incubations with antibodies were for 1 h
at room temperature. Cells were pretreated with 15d-PGJy,
cyclopentenone, or solvent (DMSO) in 0.5% serum media for 1 h
before inducing agents were added. An anti-IkBa antibody
(SC-371; Santa Cruz Biotechnology) was used for detection of
I«B. For detection of PPARy, a mouse monoclonal antibody (SC
7273, clone ES8; Santa Cruz Biotechnology) was used at a 1/300
dilution. For detection of NF-«B p65, rabbit polyclonal anti-p65
(SC 372; Santa Cruz Biotechnology) was used.

Immunohistochemistry. For immunolocalization of NF-«B, mono-
layer cultures growing on glass coverslips in DMEM plus 10%
FBS were transferred to DMEM plus 0.5% FBS plus antibiotics
for 30 min at 37°C. 15d-PGJ; or cyclopentenone was then added,
and incubation was continued for 60 min. Finally, TNFa (50
ng/ml) or LPS (1 pg/ml) was added for 30 min. Cells were fixed
with 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.5)
and permeabilized with ice-cold methanol for 5 min. The fixed
cells were sequentially treated with polyclonal anti-p65 antibody
(SC 372, 1/70 dilution; Santa Cruz Biotechnology), biotinylated
goat anti-rabbit IgG (Vector Laboratories), and fluorescein-
avidin (Vector Laboratories). Labeled cells were then photo-
graphed with a Nikon fluorescence photomicroscope (HeLa
cells) or a Bio-Rad confocal microscope (RAW264.7 cells).

Immunoprecipitations and Kinase Assays. RAW264.7 cells were
pretreated for 1 hwith 12 uM 15d-PGJ; and then stimulated with
LPS (1 pg/ml) for the indicated times. The cells were harvested
and the pellets were incubated for 30 min with lysis buffer [20
mM Tris'HClI (pH 8)/0.15 M NaCl/0.25% Triton X-100/1 mM
EDTA/10 mM B-glycerophosphate/10 mM NaF/10 mM 4-ni-
trophenyl phosphate/300 uM NazVO,/1 mM benzamidine/0.5
mM PMSF/10 pg/ml aprotinin/1 ug/ml leupeptin/1 mM dithio-
threitol] at 4°C. Then, 300 g of total cell extract was diluted to
500 wl with pull-down buffer [40 mM Tris-HCI (pH 8)/0.5 M
NaCl/0.1% Nonidet P-40/6 mM EDTA/10 mM B-glycerophos-
phate/10 mM NaF/10 mM 4-nitrophenyl phosphate/300 uM
Na3;VO4/1 mM benzamidine/0.5 mM PMSF/10 pg/ml aproti-
nin/1 pg/ml leupeptin/1 mM dithiothreitol]; 8-10 ul of IKAP
antibody (gift of Frank Mercurio, Signal Pharmaceuticals, San
Diego) was incubated with samples at 4°C with gentle shaking for
2 h. A total of 20 ul of protein A-Sepharose beads was then
added and incubated for an additional 2 h at 4°C. The immu-
noprecipitates were washed extensively and subjected to a kinase
assay as previously described (16). Briefly, immunocomplex
kinase assays were performed in kinase buffer [20 mM Hepes
(pH 7.7)/2 mM MgCl,/2 mM MnCl,/10 uM ATP/5 nCi of
[v-3?P]ATP/10 mM B-glycerophosphate/10 mM NaF/10 mM
4-nitrophenyl phosphate/300 uM NazVO4/1 mM benzami-
dine/2 uM PMSF/10 pg/ml aprotinin/1 ug/ml leupeptin/1
wng/ml pepstatin/1 mM dithiothreitol] at 30°C for 30 min in the
presence of glutathione S-transferase (GST)-IkBa (1-54). The
reaction was stopped by addition of 6X SDS sample buffer, and
the products were subjected to SDS/PAGE and visualized by
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autoradiography. In vitro IKK assays were performed by incu-
bating 0.8 mg/ml GST-1kBa-(1-54) with various concentrations
of 15d-PGlJ; from 5 uM to 2 mM. The reaction buffer was 50 mM
Tris (pH 8.0)/50 mM NaCl/10 mM MgCl,. Kinase reactions
were performed by adding 0.01 mg/ml IKK for 45 min with 0.1
mM dithiothreitol. The reaction products were resolved by
SDS/PAGE, and the gel was phosphorimaged the next day. Jun
N-terminal kinase activity was determined in RAW264.7 cells by
using a SAPK/JNK assay kit (New England Biolabs).

Prostaglandin E, (PGE,) Analysis. RAW264.7 cells (0.5 X 10° cells
per well) were cultured in 24-well plates and pretreated with
various concentrations of 15d-PGlJ,, cyclopentenone, or DMSO
for 2 h in medium containing 5% FBS. The cells were then
induced with LPS (1 png/ml) for 18 h. PGE, was assayed by using
a monoclonal antibody/enzyme immunoassay kit from Cayman
Chemical.

RNA Analysis. RAW264.7 cells were pretreated with various
concentrations of 15d-PGlJ,, cyclopentenone, or DMSO for 2 h
in 0.5% FBS before stimulation with LPS (30 ng/ml) for 8 h.
RNA was isolated, transferred to nitrocellulose membranes, and
hybridized with cDNA probes for COX-2 and glyceraldehyde-
3-phosphate dehydrogenase as previously described (4).

GST Assays. GST assays were performed at 25°C by using whole
cell extracts and 1-choloro-2,4-dinitrobenzene as substrate. GST
specific activity is expressed as nmol of substrate converted per
min per mg of cellular protein.

Results and Discussion

Previous studies evaluating PPAR<y-dependent inhibition of
iNOS expression indicated that 15d-PGJ, was significantly more
effective than synthetic PPARYy ligands, despite binding to
PPARYy with lower affinity (4). Transfection experiments per-
formed in RAW264.7 macrophages that lack PPARYy (4) indi-
cated that 15d-PGJ, could inhibit the induction of the iNOS
promoter in response to LPS when used at concentrations higher
than required for PPARy-dependent inhibition (Fig. 14). Tran-
scriptional activation of iNOS in response to LPS is mediated by
combinatorial actions of AP-1 and NF-«B transcription factors
(17, 18). To assess effects of 15d-PGJ, on these factors, exper-
iments were performed in PPARy-negative HeLa cells (Fig. 1B)
using AP-1 and NF-«B-specific reporter constructs. PPARYy-
dependent effects of 15d-PGJ, were assessed by cotransfection
of a PPARvy-expression plasmid. As previously reported (4),
15d-PGJ, inhibited AP-1-dependent activity in a PPARYy-
dependent manner (Fig. 1C). In the absence of PPARY, 15d-
PGJ; actually potentiated the stimulation of AP-1 by phorbol
12-tetradecanoate 13-acetate (TPA), an effect that may be
attributable to the ability of 15d-PGJ, to stimulate Jun N-
terminal kinase (see below). In contrast, 15d-PGJ, inhibited
NF-«B activity in the absence of PPARYy, with expression of
PPARY reducing the concentration of 15d-PGJ, required for
half-maximal inhibition (Fig. 1D). The synthetic PPARYy agonist
BRL49653 inhibited NF-«B only in the presence of PPARy and
was less effective than 15d-PGJ,, as previously described (4).
Western blotting experiments indicated similar levels of PPARYy
in cells cotransfected with a PPARy expression plasmid for each
of the treatment conditions (data not shown). These experiments
established PPARy-dependent and PPARy-independent mech-
anisms of NF-«kB inhibition by 15d-PGlJ,.

PGJ; and its metabolites are characterized by the presence of
a cyclopentenone ring system containing an electrophilic carbon
(Fig. 24). This ring system can react covalently by means of the
Michael addition reaction with nucleophiles such as the free
sulfhydryls of glutathione and cysteine residues in cellular
proteins (1, 8, 9). We next considered whether this reactive ring
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Fig. 1. 15d-PGJ; inhibits NF-xkB by PPARy-dependent and PPARy-

independent mechanisms. (A) 15d-PGJ; inhibits LPS induction of the iNOS
promoter in PPARy-negative RAW264.7 cells. Inhibition occurs at a lower
concentration of 15d-PGJ; in the presence of coexpressed PPARYy. (B) HelLa cells
lack endogenous PPARy. Whole cell extracts were obtained from Hela cells,
from Hela cells transfected with CMV-PPARy expression plasmid, and from
MCF-7 cells that contain endogenous PPARy. PPARy was detected by Western
blotting with a PPARy-specific antibody (Santa Cruz Biotechnology). (C) Inhi-
bition of AP-1 activity by 15d-PGJ; is PPARy-dependent. HelLa cells were
transfected with the (AP-1)3-TATA-Luc reporter and pCMV-g-gal (1 ng each),
with or without 1 ug of pPCMX-PPARYy. Transfected cells were treated with TPA
(100 nM) with or without 15d-PGJ; (3 uM). (D) Effect of 15d-PGJ, on NF-kB
activity in the presence or absence of PPARy. Hela cells were transfected with
the (NF-kB)3-TATA-Luc reporter and B-actin-g-gal (1 ng each), with or without
pCMX-PPARYy (1 png). Transfected cells were treated with TPA (100 nM) and
BRL49653 or 15d-PGJ,, as indicated. In D, results represent the mean of
duplicate determinations, with the error bars representing the range for the
duplicates.

system might account for the PPARYy-independent actions of
15d-PGJ,. Consistent with this hypothesis, cyclopentenone (2-
cyclopenten-1-one) itself inhibited NF-«B activity, although
concentrations approximately 100-fold higher than 15d-PGlJ,
were required for similar levels of inhibition (Fig. 2B). In
contrast, the related compounds cyclopentanone and cyclopen-
tene, which do not contain a reactive center, did not inhibit
NF-«B activity (data not shown). In the presence of coexpressed
PPARY, the effects of BRL49653 and cyclopentenone were
additive at a concentration of 3 uM BRL49653, which is
saturating for repression by this PPARYy ligand (Fig. 2B). This
result is consistent with the hypothesis that the potent repressive
activity of 15d-PGJ; is partly attributable to its ability to act as
a PPARYy ligand and partly to the presence of the reactive
cyclopentenone ring in this compound, which acts in a receptor-
independent manner.

The predominant form of NF-«B consists of pS0 and p65
subunits that are sequestered in the cytoplasm of unstimulated
cells by the inhibitory proteins IkBa and IxBB (10). Signal-
dependent activation of IKK results in phosphorylation and
rapid degradation of IkBa and IkBp, allowing p50/p65 het-
erodimers to translocate to the nucleus and bind to target genes.
To investigate PPARy-independent mechanisms responsible for
inhibition of NF-«B functional activity by 15d-PGJ,, IkBa levels
were assessed in RAW264.7 cells stimulated with LPS in the
presence or absence of 15d-PGJ, or cyclopentenone. 15d-PGJ,

4846 | www.pnas.org

A 1sapas, B
. TATA —Luc
mm SaNFxB
L) 1 5 12
Cyclopentenone 2
1]
-
*electrophilic E‘E'
carbon gﬁ [
E
[
LPS - + + + + # c
15d-PGJa(uM) - - 3 6 - - °
Cyclopent. (uM) - - - - 50100 TPA - + + + + + +
BRLAGESI(WM) 0 © 3 0 O 3 O
Cyclopent.(uM) 0 0 0 100300100 0
- -
cohd == 15d-PGJz (M) 0 0 0 0 0 0 1
PPARy (uM) + + + + + + +
D Fl’ll\‘\l!!ﬂ! RAW264.7 E
W g el e 15¢-PGJ2 0 5 10 20 50100
1BdPGIy - - &+ + - - 4+ 4 (M)
1KBa = & IKBa 9 e o

Fig. 2. Effects of 15d-PGJ; on activity of IKK and IxB degradation. (A)
Structures of 15d-PGJ, (11-oxoprosta-52,9,12E,14Z-tetraen-1-oic acid) and
cyclopentenone. The positions of chemically reactive, electrophilic carbons
are indicated by asterisks. (B) Inhibition of NF-«B by cyclopentenone and the
PPARYy-specific ligand BRL49653 is additive in the presence of PPARy. Hela
cells were transfected with the (NF-«B)3-TATA-Luc reporter and -actin-g-gal
(1 png each), with pCMX-PPARY (200 ng). Transfected cells were treated for 16 h
with TPA (100 nM) and other additions as indicated. (C) 15d-PGJ; and cyclo-
pentenone inhibit degradation of 1B in LPS-stimulated RAW264.7 cells. RAW
cells were treated with 15d-PGJ; or cyclopentenone for 1 h. Cells were stim-
ulated with LPS (1 ng/ml) for 30 min, and whole cell extracts were assayed for
IkBa by Western blotting. (D) 15d-PGJ; inhibits IKK activity. PPARy-negative
resident murine peritoneal macrophages and RAW264.7 cells were incubated
with 15d-PGJ; (6 uM) as indicated for 1 h and then stimulated with LPS (1
ng/ml). Whole cell extracts were prepared 10 min later, and IKK activity was
assayed by using GST-IKBa (1-54) as a substrate. (E) 15d-PGJ; inhibits kinase
activity of purified IKK. IkBa (1-54) was incubated with purified IKK and
[y-32P]ATP in the presence of the indicated concentrations of 15d-PGJ, and 0.1
mM dithiothreitol. Incorporation of 32P was determined by SDS/PAGE and
phosphorimaging.

and cyclopentenone significantly inhibited degradation of IxBa
after treatment with LPS (Fig. 2C). These results are consistent
with a previous report that the related cyclopentenone prosta-
glandin PGA, inhibits IkBa degradation (19) and suggested an
inhibitory effect of these compounds on IKK. PPARy-negative
resting peritoneal macrophages (4) and RAW264.7 cells were
therefore stimulated with LPS in the presence or absence of
15d-PGJ,, and whole cell extracts were tested for IKK activity.
15d-PGJ; inhibited IKK activity in both cell types (Fig. 2D). In
contrast, 15d-PGJ, weakly stimulated the activity of Jun N-
terminal kinase and had no effect on protein kinase A activity
(data not shown), indicating that its inhibitory effects were
kinase-specific. 15d-PGJ, also inhibited the activity of highly
purified IKK in vitro (Fig. 2E). The ability of 15d-PGJ; to inhibit
IKK activity in vitro was exquisitely sensitive to the presence of
dithiothreitol, which would be expected to quench the reactive
ring system of 15d-PGJ, (data not shown).
Immunohistochemistry experiments indicated that 15d-PGJ,
and cyclopentenone inhibited nuclear entry of p65 in LPS-
treated RAW264.7 cells, consistent with their effects on IKK
activity and IkBa degradation (Fig. 34, Upper). Intriguingly, the
degree to which these compounds inhibited nuclear entry of
NF-«B varied among different cell types. In particular, immu-
nohistochemistry experiments performed with HeLa cells indi-
cated that nuclear import of p65 was not impaired at concen-
trations of 15d-PGJ; and cyclopentenone that abolished nuclear
entry of NF-kB in RAW264.7 cells (Fig. 34, Lower). These
results raised the interesting question of how 15d-PGJ; inhibited
NF-«B functional activity in HeLa cells (as illustrated in Figs. 1D
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Fig.3. 15d-PGJ; inhibits NF-kB DNA binding in Hela cells without inhibiting
nuclear entry of NF-«B. (A) (Upper) 15d-PGJ; (6 uM) and cyclopentenone (300
M) prevent nuclear entry of p65 in LPS-treated (1 ng/ml) RAW264.7 cells.
(Lower) Significant nuclear entry of NF-«B occurs in TNFa-stimulated (50
ng/ml) Hela cells treated with 6 uM 15d-PGJ; or cyclopentenone (300 uM). (B)
(Upper) 15d-PGJ;, PGA; and cyclopentenone inhibit the DNA binding activity
of NF-«kB. Hela cells were treated with TPA (100 nM) and the indicated
additions, and nuclear extracts were assessed for DNA-binding activity by
EMSA. (Lower) Western blot of p65 in nuclear extracts used in EMSA (Upper),
lanes 1-6. Each lane was loaded with 10 ug of protein. (C) Specific NF-xB
oligonucleotide (S) and anti-p65 antibody, but not mutant NF-«B oligonucle-
otide (M), abolish formation of the NF-kB/DNA complex. (D) Effect of 15d-
PGJ; on IkB degradation in Hela cells. Cells were treated with TNFa with or
without 15d-PGJ,, and 1kB was quantified by Western blotting. (E) Effect of
15d-PGJ; on IKK activity in HelLa cells. Cells were treated with TNFa with or
without 15d-PGlJ,, and IKK activity was assayed as described for Fig. 2D.

and 2B). Gel shift experiments indicated that treatment of HeLa
cells with 15d-PGJ; resulted in inhibition of TPA-stimulated
NF-«kB DNA binding activity (Fig. 3B, Upper). NF-kB DNA
binding activity was diminished in cells treated with 3 uM
15d-PGJ; and abolished in cells treated with 6 uM 15d-PGlJ,.
The inhibited band was verified as NF-«B because it was
eliminated by incubation with anti-p65 antibody or a competing
kB oligonucleotide, but not by an oligonucleotide containing a
mutated kB recognition site (Fig. 3C). Although less potent than
15d-PGJ,, cyclopentenone and PGA; also inhibited the DNA-
binding activity of NF-«B (Fig. 3B, Upper). Western blot analysis
confirmed that inhibition of DNA binding activity occurred even
though nuclear entry of NF-«B was not impaired (Fig. 3B,
Lower). Finally, consistent with the observation that nuclear
entry of NF-«kB was not impaired by 15d-PGJ, in HeLa cells,
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Fig. 4. 15d-PGJ; and cyclopentenone directly inhibit the DNA-binding ac-

tivity of NF-«B. (A) Inhibition of NF-kB DNA binding by 15d-PGJ; involves the
conserved Cys38in p65. (Upper) The indicated concentrations of 15d-PGJ, were
incubated with 20 nM NF-«B p50/p65 and 200 pM labeled DNA, and protein—
DNA complexes were assessed by EMSA. (Lower) Identical experimental setup
as above using NF-«kB p65 homodimers in which Cys3® was mutated to Ser. (B)
Inhibition of NF-kB DNA binding by cyclopentenone. The indicated concen-
trations of cyclopentenone were incubated with 20 nM of NF-«B p50/p65 and
200 pM labeled DNA.

15d-PGJ, did not inhibit I«kB degradation or IKK activity in these
cells (Fig. 3 D and E). These findings indicated that 15d-PGJ,
strongly inhibited the DNA binding activity of nuclear NF-«B,
even in cells in which IKK activity and nuclear entry of NF-«xB
were not inhibited.

In all Rel proteins, including p65 and p50, there is a
conserved cysteine residue located in the DNA-binding do-
main (Cys®? in p50, Cys® in p65) (20). Because alkylation of
this cysteine impairs DNA binding (21, 22), it was plausible
that the cyclopentenone prostaglandins might inhibit NF-«xB
DNA binding by alkylation of p50/Cys®? and/or p65/Cys.
Consistent with this possibility, 15d-PGJ, abolished the DNA-
binding activity of highly purified p65/p50 DNA-binding
domain heterodimers in vitro (Fig. 44). Three lines of evidence
suggest that this effect involved direct modification of NF-«B
by the cyclopentenone ring system of 15d-PGJ,. First, similar
effects were observed when cyclopentenone was used (Fig.
4B), although 200-600 wuM concentrations were required,
consistent with the different potencies of 15d-PGJ, and cy-
clopentenone observed in cell-based experiments. Second, the
effects of 15d-PGJ, and cyclopentenone on NF-«B binding
were eliminated by 1 mM dithiothreitol (Fig. 4 4 and B). Third,
DNA binding of p65 homodimers containing a Cys®® to Ser
mutation was resistant to inhibition by 15d-PGJ, (Fig. 44,
Lower). These observations raise the possibility that adduct
formation by means of the Michael addition also accounts for
the inhibitory effects of 15d-PGJ, on IKK, as there are several
cysteine residues near the active site that are potentially
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subject to covalent modification. The reactivity of 15d-PGlJ,
with the DNA-binding domain of p65 appears to be relatively
specific. 15d-PGJ, did not inhibit DNA binding of PPARY,
which contains eight essential cysteine residues within its
DNA-binding domain, and binds as an obligate heterodimer
with the retinoid X receptor, which also contains eight essen-
tial cysteines (data not shown).

As illustrated by data presented in Figs. 2 and 3, there was a
dramatic difference in the ability of 15d-PGJ; to inhibit IKK and
nuclear entry of NF-kB in RAW264.7 as compared with HeLa
cells. Cytoplasmic GST is the major enzyme responsible for
metabolic elimination of cyclopentenone prostaglandins by con-
jugation to glutathione (23). Based on the exquisite in vitro
sensitivity of 15d-PGJ; to dithiothreitol, we examined whether
differences in GST activity correlated with the degree to which
15d-PGJ, inhibited IKK activity and nuclear localization of
NF-«B in cells. The GST specific activity was 9.3 = 5.4 nmol/min
per mg of cellular protein in the RAW264.7 cells and 65.6 = 5.1
nmol/min per mg in the HeLa cells. These observations sug-
gested that the rate of elimination of 15d-PGJ, influences the
overall sensitivity of the NF-«B pathway to 15d-PGJ; and the
relative importance of inhibition of IKK activity. Consistent with
this possibility, 15d-PGJ; inhibited IKK in another HeLa subline
expressing lower GST (23.7 + 1.8 nmol/min per mg) (data not
shown).

The rate-limiting step of prostaglandin biosynthesis in re-
sponse to inflammatory stimuli is catalyzed by COX-2 (24, 25).
Because COX-2 is under transcriptional control of NF-«B (26,
27), these findings suggested a mechanism for negative feedback
regulation by cyclopentenone prostaglandins. Consistent with
this, 15d-PGJ, and cyclopentenone inhibited LPS induction of
the COX-2 promoter in RAW264.7 macrophages, and 15d-PGJ,
prevented induction of COX-2 mRNA and blocked production
of PGE,; in RAW264.7 macrophages (Fig. 5 A-C). These find-
ings suggest that 15d-PGJ, may function as a component of
a negative feedback loop that regulates prostaglandin biosyn-
thesis (Fig. 5D).

15d-PGJ; has potent effects on cell growth and the expression
of inflammatory response genes (4, 5, 28, 29). Although 15d-
PGJ, can be derived from PGD,, which is the most abundant
prostaglandin in normal tissues (30), its relevance as a physio-
logic mediator has been uncertain. Recent studies demonstrating
the presence of 15d-PGJ; in an acute lung inflammation model
also provided evidence that it plays an important role in reso-
lution of the inflammatory response (7). The concentrations of
exogenously added 15d-PGJ; required to inhibit NF-«B activity
in the present studies were significantly higher than concentra-
tions measured in the extracellular fluid of inflammatory exu-
dates (7). However, 15d-PGJ; has a very short half-life in cells
because of metabolism by GST, limiting its extracellular accu-
mulation. Because its intracellular production would provide
direct access to intracellular IKK and NF-«B, it is likely that
15d-PGJ; functions primarily as an autocrine factor. The relative
importance of IKK inhibition, direct inhibition of DNA binding,
and PPARYy-dependent transrepression of NF-«B appears to
vary from cell type to cell type, but these mechanisms can clearly
operate in a combinatorial manner. These studies should stim-
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Fig. 5. 15d-PGJ; inhibits production of PGE; and expression of COX-2 in
macrophages. (A) 15d-PGJ; and cyclopentenone inhibit COX-2 promoter ac-
tivity. RAW264.7 macrophages were transfected with the indicated COX-2
reporter construct (14) and stimulated with LPS (10 wg/ml) for 18 h. (B)
RAW?264.7 macrophages were treated with the indicated concentrations of
15d-PGJ; or cyclopentenone for 2 h and stimulated with LPS (30 ng/ml). The
cellswere harvested 8 h later, and RNA was analyzed by Northern blotting. (C)
RAW264.7 macrophages were treated with the indicated concentrations of
15d-PGJ; or cyclopentenone, stimulated with LPS (1 ng/ml), and assayed for
media content of PGE; 18 h later. (D) Model for mechanisms by which 15d-PGJ,
exerts negative feedback on prostaglandin biosynthesis. COX-2-dependent
synthesis of prostaglandin H provides substrate for production of PGD; in
macrophages that express PGD; synthase. PGD; is further metabolized to PGJ,
and 15d-PGJ,. 15d-PGJ; inhibits NF-«B target genes, including COX-2, by
inhibition of IKK, direct inhibition of DNA binding, and by PPARy-dependent
transrepression.

ulate further efforts to understand mechanisms regulating the
production and biological roles of 15d-PGJ; in vivo. Differences
in the relative potencies of 15d-PGJ, and model compounds with
respect to inhibition of IKK activity and inhibition of NF-«xB
DNA binding suggest additional approaches to the development
of antiinflammatory drugs.

Note Added in Proof. While this paper was under review, another report
appeared that also demonstrated inhibition of IKK by the cyclopen-
tenone prostaglandins (31).
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