Peptidoglycan

(3/3)

NSC94-2320-B-038-033-
94 08 01 9%5 07 31

9% 9 18



_ W= 552
= =5 sL T p4 -z‘;-l-
AR LR G LA R g

E RSB e e BE = 4 Peptidoglycan § g E v fe wn B L B

A2 2 L 8 (3)

s Ml BHATE O FLAVE
b4 45 0 NSC 94— 2320 —B—038—033-
HEHH: 94E 87 1p: 94E& T 31p

FRASFA D HaEg
LRAFL IRAY
TrE LB AR L ERTE S BAcss

\\AX
M
T

—
PN

FEF (R IR L R ER
AR EAEL R LR

EENS LRI Sar el e

I:'ﬂk" F}t#” \gP ZEI:;_E\}/EHSJS NN ]4,{?—— — [7\

L T CE L EE S A

BRI A Y

AREHE A RTELEE

IR A -

e
)

o+
002

=
-
P

REE SR FE R F LR

O N 95 9 T p



L o

B 4= F ! Inflammation, Transcription Factors, Cytokines, Lipid Mediators,

Monocytes/Macrophages
In this study, we investigated the signaling pathway involved in interleukin-6 (IL-6)
production caused by peptidoglycan (PGN), a cell wall component of the gram-positive
bacterium, Staphylococcus aureus, in RAW 264.7 macrophages. PGN caused
concentration- and time-dependent increases in IL-6, PGE, and cAMP production.
PGN-mediated IL-6 production was inhibited by a non-selective cyclooxygenase (COX)
inhibitor (indomethacin), a selective COX-2 inhibitor (NS398), an EP2 antagonist
(AH6809), an EP4 antagonist (AH23848), and a protein kinase A (PKA) inhibitor
(KT5720), but not by a non-selective nitric oxide synthase inhibitor (N°-nitro-arginine
methyl ester). Furthermore, PGE,, an EP2 agonist (butaprost), an EP2/EP3/EP4 agonist
(misoprostol), and misoprostol in the presence of AH6809 all induced IL-6 production,
whereas an EPI/EP3 agonist (sulprostone) did not. PGN caused time-dependent
activations of IkB kinase o/p and p65 phosphorylation at Ser276, and these effects were
inhibited by NS398 and KT5720. Both PGE, and 8-bromo-cAMP, also caused 1KKa/p
phosphorylation. PGN resulted in two “waves” of the formation of NF-kB-specific
DNA-protein complexes. The first wave of NF-kB activation occurred at 10~60 min of
treatment, while the later wave occurred at 2~12 h of treatment. The PGN-induced
increase in kB-luciferase activity was inhibited by NS398, AH6809, AH23848, KT5720, a
PKC inhibitor (R0o31-8220), and a p38 MAPK inhibitor (SB203580). These results
suggest that PGN-induced IL-6 production involves COX-2-generated PGE,, activation of
the EP2 and EP4 receptors, cCAMP formation, and the activation of PKA, PKC, p38
MAPK, IKKa/B, p65 phosphorylation, and NF-kB. However, PGN-induced nitric oxide

release is not involved in the signaling pathway of PGN-induced IL-6 production.
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Peptidoglycan-Induced IL-6 Production in RAW 264.7
Macrophages Is Mediated by Cyclooxygenase-2, PGE,/PGE,
Receptors, Protein Kinase A, IkB Kinase, and NF-«B'

Bing-Chang Chen,* Chiao-Chun Liao,” Ming-Jen Hsu,* Yi-Ting Liao,* Chia-Chin Lin,*
Joen-Rong Sheu,’ and Chien-Huang Lin**

In this study, we investigated the signaling pathway involved in IL-6 production caused by peptidoglycan (PGN), a cell wall
component of the Gram-positive bacterium, Staphylococcus aureus, in RAW 264.7 macrophages. PGN caused concentration- and
time-dependent increases in IL-6, PGE,, and cAMP production. PGN-mediated IL-6 production was inhibited by a nonselective
cyclooxygenase (COX) inhibitor (indomethacin), a selective COX-2 inhibitor (NS398), a PGE, (EP2) antagonist (AH6809), a PGE,
(EP4) antagonist (AH23848), and a protein kinase A (PKA) inhibitor (KT5720), but not by a nonselective NO synthase inhibitor
(N®-nitro-L-arginine methyl ester). Furthermore, PGE,, an EP2 agonist (butaprost), an EP2/PGE, (EP3)/EP4 agonist (misopros-
tol), and misoprostol in the presence of AH6809 all induced IL-6 production, whereas an EP1/EP3 agonist (sulprostone) did not.
PGN caused time-dependent activations of IxB kinase a8 (IKKdB) and p65 phosphorylation at Ser?’®, and these effects were
inhibited by NS398 and KT5720. Both PGE, and 8-bromo-cAMP also caused IKKdf} kinase a3 phosphorylation. PGN resulted
in two waves of the formation of NF-kB-specific DNA-protein complexes. The first wave of NF-kB activation occurred at 10-60
min of treatment, whereas the later wave occurred at 2—-12 h of treatment. The PGN-induced increase in kB luciferase activity was
inhibited by NS398, AH6809, AH23848, KT5720, a protein kinase C inhibitor (Ro31-8220), and a p38 MAPK inhibitor (SB203580).
These results suggest that PGN-induced IL-6 production involves COX-2-generated PGE,, activation of the EP2 and EP4 recep-
tors, cAMP formation, and the activation of PKA, protein kinase C, p38 MAPK, IKKdf, kinase af3, p65 phosphorylation, and
NF-kB. However, PGN-induced NO release is not involved in the signaling pathway of PGN-induced IL-6 production. The
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acteria stimulate the innate immune system of a host and
B the release of inflammatory molecules such as cytokines
and chemokines as a response to infections (1, 2). LPS is
a well-known activator of the innate immune system in Gram-
negative infections (3). During Gram-positive infections, when no
endotoxin is present, peptidoglycan (PGN),’ the major component
of the cell wall of Gram-positive bacteria, activates the innate im-
mune system of the host and induces the release of cytokines
(TNF-a, IL-1, and IL-6) and chemokines (IL-8/CXCLS, MIP-1,
MIP-2, and MCP) (3-5). These inflammatory molecules are the
major cause of the various signs and symptoms that occur during
bacterial infections, including fever, inflammation, and acute phase
responses (3-5).
IL-6 is a multifunctional cytokine that plays a central role in
both innate and acquired immune responses. IL-6 is the predom-
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inant mediator of the acute phase response, an innate immune
mechanism which is triggered by infection and inflammation (6,
7). IL-6 also plays multiple roles during the subsequent develop-
ment of acquired immunity against incoming pathogens, including
regulation of the expressions of cytokine and chemokine, stimu-
lation of Ab production by B cells, regulation of macrophage and
dendritic cell differentiation, and the response of regulatory T cells
to microbial infection (6, 7). In addition to these roles in pathogen-
specific inflammation and immunity, IL-6 levels are elevated in
chronic inflammatory conditions, such as rheumatoid arthritis (8—
10). Several consensus sequences, including those for NF-«B,
CREB, NF-IL-6, and AP-1 in the 5" promoter region of the IL-6
gene, have been identified as regulatory sequences that induce IL-6
in response to various stimuli (11, 12). NF-«B, a key transcription
factor that regulates IL-6 expression, is a dimer of either transcrip-
tion factor p65 or transcription factor p50 (13). In a resting state,
this dimer is associated with IkBs to retain NF-«B in the cytosol
(14). 1B kinase (IKK), which is activated through stimulation by
cytokines and bacterial products, phosphorylates IkBa at Ser*? and
Ser®® and IkBf at Ser'® and Ser*® (15-17), to produce ubiquiti-
nation of IkBaf3 at lysine residues and degradation by the 26S
proteasome (18). This process releases active NF-kB, which is
then translocated from the cytosol to the nucleus, to bind specific
DNA enhancer sequences and induce gene transcription (13). Reg-
ulation of IkB degradation and the subsequent release of NF-«B
constitute a critical control point in the pathway. However, recent
results suggest that an additional IkB-independent pathway is ac-
tivated, which causes the enhanced transactivation potential of
NF-kB once it is bound to its consensus sequence (19, 20).
Activation of the pathway has been shown to result in increased
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phosphorylation of the p65 (RelA) subunit of NF-«B and to pro-
mote interaction of p65 with the coactivator protein, p300/CBP
(21-23).

PGs are ubiquitous compounds involved in a variety of homeo-
static and inflammatory processes (24). They are formed by the
combined action of phospholipase A,, which liberates arachidonic
acid from the sn-2 position of cellular membrane phospholipids,
and cyclooxygenase (COX), which converts arachidonic acid to
the endoperoxide intermediate, PGH,. PGH, is then subsequently
converted to various PGs by the action of cell-specific synthases
(24). COX-2 is a COX isoform that is induced in a number of cells
by proinflammatory stimuli and is thought to contribute to the
generation of prostanoids at sites of inflammation (25, 26). It is
considered to be responsible for the high production of PGs (27).
PGE,, one of the major PGs produced, exerts its biological effects
by binding to specific cell surface receptors, designated PGE, re-
ceptors (EPs). There are four different EPs that have been identi-
fied, named EP1 to EP4, and several splice variants of EP3 are
known (28). Activation of EPs leads to well-defined alterations in
intracellular calcium and cAMP concentrations; e.g., Gs-coupled
cAMP increases via adenylyl cyclase activation by EP2 and EP4,
and intracellular calcium increases via phosphatidylinositol turn-
over by EPI1, whereas a Gi-coupled decrease in cAMP is effected
by EP3 (29). Therefore, many different physiological processes are
regulated by PGE, activation of specific receptor subtypes.

Previous studies have shown a positive association between en-
dogenous PGE, production and IL-6 synthesis both in vitro (30—
33) and in vivo (31, 34). However, the signaling pathway between
COX-2 induction and IL-6 release by PGN stimulation is still un-
known. A recent study from our laboratory showed that PGN in-
duces TLR2, p85a, and Ras complex formation and subsequently
activates the Ras/Raf-1/ERK pathway, which in turn initiates
IKKaf and NF-kB activation, and ultimately induces COX-2 ex-
pression in RAW 264.7 macrophages (35). In the present study,
RAW 264.7 macrophages were exposed to PGN, and the signaling
pathway between COX-2 induction and IL-6 production was in-
vestigated. Our studies demonstrated that in RAW 264.7 macro-
phages, PGN stimulates IL-6 production by a COX-2/PGE,-de-
pendent mechanism. We show that EP2/EP4, intracellular cAMP
formation, and the activation of PKA, protein kinase C (PKC), p38
MAPK, IKKaf3, p65 phosphorylation, and NF-«B are involved in
PGN-stimulated IL-6 production. However, PGN-induced NO re-
lease is not involved in the signaling pathway of PGN-induced
IL-6 production.

Materials and Methods

Materials

PGN (derived from Staphylococcus aureus) was purchased from Fluka.
LPS (derived from Escherichia coli), N°-nitro-L-arginine methyl ester (L-
NAME), polymyxin B, AH23848, and misoprostol were purchased from
Sigma-Aldrich. NS398, KT5720, Ro31-8220, SB203580, and 8-bromo-
cAMP were obtained from Calbiochem. PGE,, AH6809, butaprost, sulpr-
ostone, and the IL-6, PGE,, and cAMP enzyme immunoassay kits were
obtained from Cayman. DMEM/Ham’s F-12, FCS, and penicillin/strepto-
mycin were purchased from Invitrogen Life Technologies. Abs specific for
COX-2 and a-tubulin were purchased from Transduction Laboratories.
Protein A/G beads, IkBa protein (aa 1-317), and Abs specific for IKKaf
phosphorylated at Ser'”'®! and p65 phosphorylated at Ser®’® were pur-
chased from Cell Signaling and Neuroscience. IKKa3, p65, p50, inducible
NO synthase (iNOS), and anti-mouse and anti-rabbit IgG-conjugated HRP
were purchased from Santa Cruz Biotechnology. Anti-mouse and anti-
rabbit IgG-conjugated alkaline phosphatases were purchased from Jackson
ImmunoResearch Laboratories. pGL2-ELAM-Luc (which is under the con-
trol of one NF-«B binding site) and pBK-CMV-LacZ were kindly provided
by Dr. W.-W. Lin (National Taiwan University, Taipei, Taiwan).
[y-**P]ATP (6000 Ci/mmol) was purchased from Amersham Pharmacia
Biotech. IL-6 was purchased from PeproTech. Anti-IL-6 Ab was purchased
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from eBioscience. GenePOPTER 2 was purchased from Gene Therapy
System. All materials for SDS-PAGE were purchased from Bio-Rad. All
other chemicals were obtained from Sigma-Aldrich.

Cell culture

The mouse macrophage cell line, RAW 264.7, was obtained from Amer-
ican Type Culture Collection, and cells were maintained in DMEM/Ham’s
F-12 nutrient mixture containing 10% FCS, 100 U/ml penicillin G, and 100
ng/ml streptomycin in a humidified 37°C incubator. After reaching con-
fluence, cells were seeded onto either 6-cm dishes for immunoblotting or
kinase assays or 12- and 24-well plates for measurement by the IL-6, PGE,,
cAMP, or kB luciferase assays.

Measurements of IL-6 and PGE, production

RAW 264.7 macrophages were cultured in 24-well culture plates. After
reaching confluence, cells were treated with various stimulators or pre-
treated with specific inhibitors as indicated, followed by PGN, and then
incubated in a humidified incubator at 37°C for 24 h. After incubation, the
medium was removed and stored at —80°C until assay. IL-6 or PGE, in the
medium was assayed using the IL-6 or PGE, enzyme immunoassay Kkits,
respectively, according to the procedure described by the manufacturer.

Measurement of intracellular cAMP concentration

RAW 264.7 macrophages were cultured in 12-well culture plates. After
reaching confluence, cells were treated with PGN (30 ug/ml) for various
time intervals, or pretreated with specific inhibitors as indicated followed
by PGN, and then incubated in a humidified incubator at 37°C for 6 h.
After incubation, the reaction was terminated by aspiration of the medium
and the addition of 0.1 N HCI for 20 min. The cells were scraped into
Eppendorf tubes, and the suspensions were centrifuged; the supernatants
were then neutralized with 10 N NaOH. Samples were stored at —80°C
until assay. cCAMP levels were assayed using the cAMP enzyme immuno-
assay kit according to the procedure described by the manufacturer.

Immunoblot analysis

To determine the expressions of IKKaB phosphorylation at Ser'8'#!;

IKKaf: and p65 phosphorylation at Ser®’®, p65, iNOS, COX-2, and a-tu-
bulin in RAW 264.7 macrophages, proteins were extracted, and Western
blot analysis was performed as described previously (36). Briefly, RAW
264.7 macrophages were cultured in 6-cm dishes. After reaching conflu-
ence, cells were treated with vehicle, PGN, PGE,, and 8-bromo-cAMP or
pretreated with specific inhibitors as indicated followed by PGN. After
incubation, cells were washed twice in ice-cold PBS and solubilized in
extraction buffer containing 10 mM Tris (pH 7.0), 140 mM NaCl, 2 mM
PMSF, 5 mM DTT, 0.5% Nonidet P-40, 0.05 mM pepstatin A, and 0.2 mM
leupeptin. Samples of equal amounts of protein (100 ug) were subjected to
SDS-PAGE and then transferred onto a polyvinylidine difluoride which
was then incubated in 150 mM NaCl, 20 mM Tris-HCI, 0.02% Tween 20
(pH 7.4) buffer containing 5% BSA. Proteins were visualized by specific
primary Abs and then incubated with HRP- or alkaline phosphatase-con-
jugated second Abs. Immunoreactivity was detected using ECL or ni-
troblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate following the
manufacturer’s instructions. Quantitative data were obtained using a com-
puting densitometer with scientific imaging systems.

Immunoprecipitation and IKKaf3 activity assay

RAW 264.7 cells were grown in 6-cm dishes. After reaching confluence,
cells were treated with 30 ug/ml PGN for the indicated time intervals.
After incubation, cells were washed twice with ice-cold PBS; lysed in 1 ml
of lysis buffer containing 20 mM Tris-HCI (pH 7.5), 1 mM MgCl,, 125
mM NaCl, 1% Triton X-100, 1 mM PMSF, 10 ug/ml leupeptin, 10 pg/ml
aprotinin, 25 mM [3-glycerophosphate, 50 mM NaF, and 100 uM sodium
orthovanadate; and then centrifuged. The supernatant was immunoprecipi-
tated with respective polyclonal Abs against IKKaf in the presence of
A/G-agarose beads overnight. The beads were washed three times with
lysis buffer and twice with kinase buffer containing 20 mM HEPES (pH
7.4), 20 mM MgCl,, 1 mM NaVO,, and 2 mM DTT. The kinase reactions
were performed by incubating immunoprecipitated beads with 20 ul of
kinase buffer supplemented with 20 uM ATP and 3 uCi of [y-**P]ATP at
30°C for 30 min. To assess the IKKaf3 activity, 0.5 ug of GST-IkBa
protein (aa 1-317) was added to the substrate. The reaction mixtures were
analyzed by 12% SDS-PAGE followed by autoradiography.
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Preparation of nuclear extracts and the EMSA

RAW 264.7 macrophages were cultured in 6-cm dishes. After reaching
confluence, cells were treated with 30 wg/ml PGN for indicated time in-
tervals; then cells were scraped and collected. The cytosolic and nuclear
protein fractions were separated as described previously (37). Briefly, cells
were washed with ice-cold PBS and pelleted. Cell pellets were resuspended
in hypotonic buffer (10 mM HEPES (pH 7.9), 10 mM KCl, 0.5 mM DTT,
10 mM aprotinin, 10 mM leupeptin, and 20 mM PMSF) for 15 min on ice,
and vortexed for 10 s. Nuclei were pelleted by centrifugation at 15,000 X
g for 1 min. Supernatants containing cytosolic proteins were collected. A
pellet containing nuclei was resuspended in hypertonic buffer (20 mM
HEPES (pH 7.6), 25% glycerol, 1.5 mM MgCl,, 4 mM EDTA, 0.05 mM
DTT, 10 mM aprotinin, 10 mM leupeptin, and 20 mM PMSF) for 30 min
on ice. Supernatants containing nuclear proteins were collected by centrif-
ugation at 15,000 X g for 30 min and then stored at —70°C.

A double-stranded oligonucleotide probe containing an NF-«B sequence
(5'-AGTTGAGGGGACTTTCCCAGGC-3'; Promega) was purchased and
end-labeled with [y-*PJATP using T4 polynucleotide kinase. The nuclear
extract (2.5-5 ug) was incubated with 1 ng of a **P-labeled NF-«B probe
(50,000-75,000 cpm) in 10 ul of binding buffer containing 1 ug of
poly(deoxyinosinate-deoxycytidylate), 15 mM HEPES (pH 7.6), 80 mM
NaCl, I mM EDTA, 1| mM DTT, and 10% glycerol at 30°C for 25 min.
DNA-nuclear protein complexes were separated from the DNA probe by
electrophoresis on 4.5% polyacrylamide gels. Gels were vacuum dried and
subjected to autoradiography with an intensifying screen at —80°C. For
competition experiments, 1 ng of the labeled oligonucleotide was mixed
with 50 ng of unlabeled competitor oligonucleotides before protein addi-
tion. For the supershift experiments, 4 ug of anti-p65 or anti-p5S0 Ab were
mixed with the nuclear extract proteins.

Transfection and kB luciferase assays

For these assays, 2 X 10° RAW 264.7 cells were seeded onto 12-well
plates, and cells were transfected the next day using GenePORTER 2 with
0.3 ug of pGL2-ELAM-Luc and 0.3 ug of pBK-CMV-LacZ. After 24 h,
the medium was aspirated and replaced with fresh DMEM-Ham’s F-12
containing 10% FBS and was then pretreated with specific inhibitors as
indicated followed by PGN (30 wg/ml) treatment for another 24 h. Lucif-
erase activity was determined with a luciferase assay system (Promega),
and was normalized on the basis of LacZ expression. The level of induction
of luciferase activity was compared as the ratio of cells with and without
stimulation.

Measurement of NO concentration

NO production was assayed by measuring nitrite (a stable degradation
product of NO) in the supernatant of cultured RAW 264.7 cells using the
Griess reagent. Briefly, RAW 264.7 macrophages were cultured in 24-well
plates. After reaching confluence, the culture medium was changed to phe-
nol red-free DMEM. Cells were then treated with PGN (30 wg/ml) for the
indicated time intervals or pretreated with specific inhibitors as indicated,
followed by PGN. After incubation, the supernatant was collected, mixed
with an equal volume of Griess reagent (1% sulfanilamide, 0.1% N-(1-
naphthyl)ethylenediamine, and 2% phosphoric acid), and incubated at
room temperature for 10 min. The OD measured at 550 nm in a microplate
reader was used as an indication of the nitrite concentration. Sodium nitrite
was used to produce a standard curve of nitrite concentration.

Statistical analysis

Results are presented as the mean * SE from at least three independent
experiments. One-way ANOVA followed by, when appropriate, Bonfer-
roni’s multiple range test was used to determine the statistical significance
of the difference between means. p < 0.05 was considered statistically
significant.

Results
PGN induces macrophage IL-6 production

Murine RAW 264.7 macrophages were chosen to investigate the
signal pathways of PGN in the production of IL-6, an inflamma-
tory response gene. Treatment with PGN (1-100 pg/ml) for 24 h
induced IL-6 production in a concentration-dependent manner
(Fig. 1A), this induction occurred in a time-dependent manner (Fig.
1B). After 24 h of treatment with 30 wg/ml PGN, the amount of
IL-6 released had increased by ~235 * 64% (Fig. 1B). To further
confirm this stimulation-specific mediation by PGN without LPS
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FIGURE 1. Concentration- and time-dependent increases in IL-6 pro-
duction by PGN and effects of polymyxin B on LPS- and PGN-induced
IL-6 production in RAW 264.7 macrophages. Cells were incubated with
various concentrations of PGN for 24 h (A) or with 30 pg/ml PGN for 2,
4,6, 8,12, 18, or 24 h (B). Media were collected to measure IL-6. Results
are expressed as the mean = SE of four independent experiments per-
formed in triplicate. *, p < 0.05 as compared with the basal level. C, Cells
were pretreated with polymyxin B (Poly B, 1 uM) for 30 min before
incubation with 1 ug/ml LPS or 30 pg/ml PGN for 24 h. Media were
collected to measure IL-6. Results are expressed as the mean = SE of three
independent experiments performed in triplicate. *, p < 0.05 as compared
with the LPS or PGN treatment groups, respectively.

contamination, polymyxin B, an LPS inhibitor, was tested. We
found that polymyxin B (1 uM) completely inhibited LPS (1 ug/
ml)-induced IL-6 release. However, it had no effect on PGN (30
uM)-induced IL-6 release (Fig. 1C).
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Involvement of PGE, formation in PGN-induced IL-6 release

Our previous study showed that PGN can induce COX-2 expres-
sion in RAW 264.7 macrophages (35). Next, we further examined
PGE, formation by PGN stimulation in RAW 264.7 macrophages.
Treatment of cells with 30 wg/ml PGN for 2, 4, 6, 8, 12, 18, or 24 h
induced PGE, formation in a time-dependent manner. PGE, for-
mation increased at 2 h and peaked at 12~24 h (Fig. 2A4). To
examine whether COX-2-generated PGE, formation is involved in
the signal transduction pathway leading to IL-6 production caused
by PGN, the nonselective COX inhibitor indomethacin and the
selective COX-2 inhibitor NS398 were used. Fig. 2B shows that
PGN-induced IL-6 production was inhibited by indomethacin (10
M) and NS398 (1 uM) by 92 = 10% and 93 = 7%, respectively.
Furthermore, stimulation of cells with PGE, (0.001-1 uM) also
resulted in IL-6 production in a concentration-dependent manner
(Fig. 2C). When cells were treated with 1 uM PGE, for 24 h, IL-6
production increased by ~480 = 70% (Fig. 2C). These results
suggest that COX-2-generated PGE, formation is necessary for
PGN-induced IL-6 release in RAW 264.7 macrophages.

Involvement of EP2 and EP4 receptors in PGN-induced IL-6
production

There are four types of EPs that have been defined and cloned,
EP1, EP2, EP3, and EP4 (28). A previous study revealed that
RAW 264.7 macrophages express EP2, EP3, and EP4, but not
EP1, receptors (38). To identify the EP receptors involved in PGN-
mediated IL-6 production, the EP2 receptor antagonist AH6809
and the EP4 receptor antagonist AH23848 were tested. As shown
in Fig. 3A, pretreatment of RAW 264.7 macrophages with 3 uM
AH6809 and 30 uM AH23848 inhibited PGN-induced IL-6 re-
lease by 49 = 10% and 62 = 12%, respectively. Treatment of cells
with the combination of 3 uM AH6809 and 30 uM AH23848
caused a more arked inhibitory effect on the PGN-induced IL-6
release compared with each agent alone. Furthermore, treatment of
RAW 264.7 macrophages with the EP2 agonist butaprost (5 uM)
and the EP2/EP3/EP4 agonist misoprostol (100 nM) also resulted
in IL-6 release from 75 = 10 pg/ml to 149 = 21 and 190 = 20
pg/ml, respectively, whereas the EP1/EP3 agonist sulprostone (1
M) had no effect (Fig. 3B). To identify the EP4-mediated effects
of misoprostol, RAW 264.7 cells were treated with misoprostol in
the presence of the EP2 antagonist AH6809. Treatment of cells
with misoprostol in the presence of AH6809 also induced IL-6
production from 75 * 10 pg/ml to 134 = 23 pg/ml (Fig. 3B).
These results suggest that PGN-induced IL-6 release may occur
via activation of EP2 and EP4 receptor signaling.

Involvement of cAMP formation and PKA activation in
PGN-induced IL-6 production

To identify the cAMP-dependent PKA signaling pathways in-
volved in PGN-mediated IL-6 production, RAW 264.7 macro-
phages were treated with the PKA inhibitor, KT5720. Pretreatment
of RAW 264.7 macrophages with KT5720 (0.01~3 M) inhibited
PGN-induced IL-6 production in a concentration-dependent man-
ner (Fig. 4A). When cells were treated with 3 uM KT5720, PGN-
induced IL-6 production was inhibited by 82 = 12% (n = 3). Next,
we directly measured cAMP formation in response to PGN. Short
term treatment of cells with 30 wg/ml PGN for 5, 10, 30, and 60
min did not cause an increase in cAMP formation (data not
shown). However, long term treatment of RAW 264.7 cells with
PGN for 2, 4, 6, 8, or 12 h induced cAMP formation in a time-
dependent manner. The cAMP formation began at 2 h, peaked at
4-8 h, and then declined at 12 h after PGN treatment (Fig. 4B).
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FIGURE 2. Involvement of PGE, formation in PGN-mediated IL-6 pro-
duction in RAW 264.7 macrophages. A, Cells were incubated with 30
ng/ml PGN for 2, 4, 6, 8, 12, 18, or 24 h. Media were collected to measure
PGE,. Results are expressed as the mean * SE of three independent ex-
periments performed in triplicate. *, p < 0.05 as compared with the basal
level. B, Cells were pretreated for 30 min with 10 uM indomethacin and 1
M NS398 and then stimulated with 30 wg/ml PGN for 24 h. Media were
collected to measure IL-6. Results are expressed as the mean = SE of four
independent experiments performed in triplicate. *, p < 0.05 as compared
with the PGN treatment group. C, Cells were incubated with various con-
centrations of PGE, for 24 h. Media were collected to measure IL-6. Re-
sults are expressed as the mean * SE of three independent experiments
performed in triplicate. *, p < 0.05 as compared with the basal level.

We next examined whether PGN-induced cAMP formation occurs
through COX-2-generated PGE, and EP2/EP4 activation. As
shown in Fig. 4C, pretreatment of RAW 264.7 macrophages with
NS398, AH6809, and AH23848 all inhibited PGN-induced cAMP
formation by 90 = 9%, 61 = 11%, and 58 £ 15%, respectively.
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FIGURE 3. Involvement of EP2 and EP4 receptors in PGN-mediated
IL-6 production in RAW 264.7 macrophages. A, Cells were pretreated for
30 min with 3 uM AH6809, 30 uM AH23848, or 3 uM AH6809 + 30 uM
AH23848 and then stimulated with 30 wg/ml PGN for 24 h. Media were
collected to measure IL-6. Results are expressed as the mean = SE of three
independent experiments performed in triplicate. *, p < 0.05 as compared
with the PGN treatment group. B, Cells were incubated with 1 uM butap-
rost, 3 uM sulprostone, 1 wM misoprostol, or 1 uM misoprostol + 3 uM
AH6089 for 24 h. Media were collected to measure IL-6. Results are ex-
pressed as the mean * SE of three independent experiments performed in
triplicate. *, p < 0.05 as compared with the basal level.

PGE, and PKA mediated PGN-induced IKK«f3 activation

We further examined whether activation of IKKaf3 occurs through
the COX-2-generated PGE, and PKA signaling pathway. Stimu-
lation of cells with 30 ug/ml PGN for 2, 4, 6, 8, or 12 h induced
an increase in IKKaf3 phosphorylation and IKKaf3 activity in
time-dependent manners, reaching a maximum after 6—8 h of
treatment (Fig. 5). Furthermore, pretreatment of cells for 30 min
with NS398 (1 uM) and KT5720 (3 uM) markedly attenuated the
PGN-induced IKKaf phosphorylation by 62 = 13% and 86 =
15%, respectively (Fig. 6A). None of these inhibitors affected the
basal IKKaf3 phosphorylation (Fig. 6A). In addition, treatment of
RAW 264.7 macrophages with PGE, (1 uM) caused marked phos-
phorylation of IKK«af, reaching maximums after 10-30 min of
treatment (Fig. 6B, lower). Similarly, treatment of cells with the
PKA activator, 8-bromo-cAMP (300 uM), also resulted in IKK«a3
phosphorylation in a time-dependent manner, with a maximum
effect at 10-30 min of treatment (Fig. 6C). The protein level of
IKKaf was not affected by PGE, or 8-bromo-cAMP treatment
(Fig. 6, B and C, lower).
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FIGURE 4. Involvement of cAMP formation and PKA activation in
PGN-mediated IL-6 release in RAW 264.7 macrophages. A, Cells were
pretreated for 30 min with various concentrations of KT5720 and then
stimulated with 30 wg/ml PGN for 24 h. Media were collected to measure
IL-6. Results are expressed as the mean * SE of three independent exper-
iments performed in triplicate. *, p < 0.05 as compared with the PGN
treatment group. B, Cells were incubated with 30 wg/ml PGN for 2, 4, 6,
8, or 12 h. Cell lysates were collected to measure cAMP. Results are ex-
pressed as the mean = SE of four independent experiments performed in
triplicate. *, p < 0.05 as compared with the basal level. C, Cells were
pretreated for 30 min with 1 uM NS398, 3 uM AH6809, or 30 uM
AH23848 and then stimulated with 30 wg/ml PGN for 6 h. Cell lysates
were collected to measure cAMP formation. Results are expressed as the
mean * SE of three independent experiments performed in triplicate. *,
p < 0.05 as compared with the PGN treatment.

PGE, and PKA mediated PGN-induced p65 phosphorylation
at Ser’”®

Next, we further examined p65 phosphorylation at Ser?’® by PGN
stimulation in RAW 264.7 macrophages. Treatment of cells with
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FIGURE 5. PGN induced IKKaf activation in RAW 264.7 macro-
phages. A, RAW 264.7 macrophages were treated with 30 wg/ml PGN for
2,4, 6, 8, or 12 h, and IKKaf3 phosphorylation was shown by immuno-
blotting with an Ab specific for phosphorylated IKKaf (upper panel).
Equal loading in each lane is shown by the similar intensities of IKKa3
(lower panel). Typical traces are representative of three experiments with
similar results. B, For evaluation of IKKaf activity, cell lysates were in-
cubated with 30 ug/ml PGN for 2, 4, 6, 8, or 12 h, and then lysates were
immunoprecipitated with Abs specific for IKKa and IKKfS. One set of
immunoprecipitates was subjected to the kinase assay (KA) as described in
Materials and Methods using the GST-IkBa fusion protein as a substrate
(top panel). The other set of immunoprecipitates was subjected to 10%
SDS-PAGE and analyzed by immunoblotting (IB) with an anti-IKK«3 Ab
(bottom panel). Equal amounts of the immunoprecipitated kinase complex
present in each kinase assay were confirmed by immunoblotting for
IKKap. Typical traces are representative of three experiments with similar
results, which are presented as the mean = SE. *, p < 0.05 as compared
with the basal level.

30 wg/ml PGN for 2, 4, 6, 8, or 12 h induced p65 phosphorylation
at Ser?’® in a time-dependent manner (Fig. 7A). The response be-
gan at 2 h, was sustained to 4—6 h, and then declined at §—-12 h
after PGN treatment (Fig. 7A). We next examined whether PGN-
induced p65 phosphorylation at Ser*’® occurs through the PGE,
and PKA signaling pathways. As shown in Fig. 7B, pretreatment of
cells for 30 min with NS398 (1 uM) and KT5720 (3 uM) mark-
edly attenuated PGN-induced p65 phosphorylation at Ser?’® at
53 = 20% and 79 = 11%, respectively. Neither of these inhibitors
affected the basal p65 protein levels (Fig. 7B, lower).

COX-2-generated PGE,, EP2/EP4s, PKA, and IL-6 itself
mediated PGN-induced NF-kB activation

To examine whether COX-2-generated PGE,-induced NF-«B ac-
tivation is required for PGN-induced IL-6 production, pretreatment
of RAW 264.7 macrophages with the NF-«B inhibitor, pyrrolidine
dithiocarbamate (PDTC, 50 uM), inhibited PGN- and PGE,-in-
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FIGURE 6. Involvement of PGE, formation and PKA activation in
PGN-mediated IKKaf3 phosphorylation in RAW 264.7 macrophages. A,
Cells were pretreated with 1 uM NS398 (NS) and 3 uM KT5720 (KT) for
30 min and then treated with 30 wg/ml PGN for 6 h. IKKaf phosphory-
lation was shown by immunoblotting with an Ab specific for phosphory-
lated IKKaf (top panel). Equal loading in each lane is shown by the
similar intensities of IKKaf (bottom panel). Typical traces are represen-
tative of three experiments with similar results, presented as the mean *
SE. *, p < 0.05 as compared with the PGN treatment group. B and C, Cells
were treated with 1 uM PGE, (B) or 300 uM 8-bromo-cAMP (C) for 1, 3,
10, or 30 min, and IKK«af3 phosphorylation was shown by immunoblotting
with an Ab specific for phosphorylated IKK«af (upper panel). Equal load-
ing in each lane is shown by the similar intensities of IKK«af3 (lower panel).
Typical traces are representative of three experiments with similar results.

duced IL-6 production by 44 * 5% and 77 = 14%, respectively
(Fig. 8A). Furthermore, the time course of NF-«B activation after
treatment with 30 ug/ml PGN was evaluated by a gel shift DNA
binding assay. As shown in Fig. 8B, stimulation of cells with PGN
for 10 and 30 min and 1, 2, 4, 6, 8, and 12 h resulted in a two waves
of formation of the NF-«B-specific DNA-protein complex. The
first wave of NF-«B activation occurred at 10—60 min of treatment
and the later wave at 2—12 h of treatment. To identify the specific
subunits involved in the formation of the NF-«kB complex, super-
shift assays were performed using Abs specific for anti-p65 and
anti-p50. Incubation of nuclear extracts with Abs specific for
anti-p65 and anti-p5S0 attenuated NF-kB-specific DNA-protein
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FIGURE 7. Involvement of PGE, formation and PKA activation in
PGN-mediated p65 Ser?’® phosphorylation (-p) in RAW 264.7 macro-
phages. A, RAW 264.7 macrophages were treated with 30 wg/ml PGN for
2,4, 6,8, or 12 h, and p65 phosphorylation at Ser?’® was shown by im-
munoblotting with an Ab specific for phosphorylated p65 at Ser?”® (upper
panel). Equal loading in each lane is shown by the similar intensities of p65
(lower panel). Typical traces are representative of three experiments with
similar results. B, Cells were pretreated with 1 uM NS398 (NS) and 3 uM
KT5720 (KT) for 30 min and then treated with 30 ug/ml PGN for another
6 h. p65 phosphorylation at Ser*’® was shown by immunoblotting with an
Ab specific for phosphorylated p65 at Ser?’® (top panel). Equal loading in
each lane is shown by the similar intensities of p65 (middle panel). Typical
traces are representative of three experiments with similar results, pre-
sented as the mean = SE. *, p < 0.05 as compared with the PGN treatment

group.

complex formation (Fig. 8C, lanes 3 and 4). These results indi-
cated that the components of the NF-«kB complex are p65 and p50.
Formation of the NF-«B complex was completely inhibited by the
50-fold cold NF-«B consensus DNA sequence (Fig. 8C, lane 5),
indicating that DNA-protein interactions are sequence specific. We
further examined whether the COX-2-generated PGE, and PKA
signaling pathway are involved in the PGN-induced activation of
NF-kB in two waves. Pretreatment of cells with 1 uM NS398 or
3 uM KT5720 did not affect the first wave of NF-kB-specific
DNA-protein complex formation caused by short term (30 min)
treatment (Fig. 8D), whereas both inhibited the later wave of
NF-kB activation caused by the long term (6 h) treatment of PGN
(Fig. 8E). To directly determine NF-«kB activation after PGN treat-
ment, RAW 264.7 macrophages were transiently transfected with
pGL2-ELAM-kB luciferase as an indicator of NF-kB activation.
When cells were treated with 30 ug/ml PGN for 24 h, the kB
luciferase activity increased by ~550 = 62% (Fig. 9A). Further-
more, we found that pretreatment of cells for 30 min with 10 uM
indomethacin, 1 uM NS398, and 3 uM KT5720 markedly atten-
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uated the PGN-induced increase in kB luciferase activity by 77 =
15%, 83 = 14%, and 86 = 10%, respectively (Fig. 94). To test the
possibility that IL-6 itself induced NF-«kB activation, an anti-IL-6
Ab was used. Pretreatment of RAW 264.7 macrophages with 0.3
ng/ml anti-IL-6 Ab inhibited the PGN-induced later wave of NF-
kB-specific DNA-protein complex formation (Fig. 8E) as well as
the increase in kB luciferase activity (Fig. 94). Furthermore, treat-
ment of cells with IL-6 (1 and 10 ng/ml) also resulted in an in-
crease in kB luciferase activity of 169 = 17% with 10 ng/ml IL-6
treatment (Fig. 9B). Next, we wanted to identify whether EP2 and
EP4 are involved in PGN-mediated NF-«B activation. We found
that 3 uM AH6809 and 30 uM AH23848 inhibited the PGN-
induced increase in kB luciferase activity by 51 * 4% and 50 =
6%, respectively (Fig. 9C). Furthermore, treatment of AH6809 and
AH?23848 in combination with RAW 264.7 macrophages resulted
in a more marked inhibitory effect on the PGN-induced response
compared with each agent alone (Fig. 9C). Taken together, these
data suggest that COX-2-generated PGE,, EP2/EP4, PKA, and
IL-6 itself are involved in the PGN-induced later wave of NF-«B
activation in RAW 264.7 macrophages.

PKC and p38 MAPK mediated PGN-induced NF-kB activation

To identify whether PKA regulates the activity of other signaling
molecules that lead to NF-«B activation caused by PGN, the PKC
inhibitor Ro31-8220 and the p38 MAPK inhibitor SB203580 were
used. Fig. 9D shows that pretreatment of cells with 1 uM Ro31-
8220 and 1 uM SB203580 inhibited the PGN-induced increase in
kB luciferase activity by 66 = 8% and 45 = 8%, respectively.
Furthermore, 8-bromo-cAMP, a PKA activator, which induced an
increase in kB luciferase activity was also inhibited by both in-
hibitors by 70 = 4% and 42 * 5%, respectively.

NO is not involved in PGN-induced IL-6 release

Treatment with 30 pug/ml PGN for various time intervals induced
iNOS expression and nitrite release in a time-dependent manner
(Fig. 10, A and B). After 24 h of treatment with 30 wg/ml PGN, the
nitrite release had increased by ~539 * 131% (Fig. 10B). To
explore whether NO might mediate PGN-induced IL-6 release, a
nonselective inhibitor of NOS, L-NAME, was used. As shown in
Fig. 10C, pretreatment of RAW 264.7 macrophages with L-NAME
(100 and 300 uM) markedly inhibited the PGN-induced nitrite
release by 38 *£ 14% and 79 = 9%, respectively. However, L-
NAME (100 and 300 M) did not affect PGN-induced IL-6 release
(Fig. 10D).

Positive feedback of COX-2-generated PGE, in PGN-induced
COX-2 expression

We further examined whether PGN-induced COX-2 expression
occurs via positive feedback with the COX-2-generated PGE, sig-
naling pathway. As shown in Fig. 11A, pretreatment of RAW
264.7 macrophages with 1 uM NS398, 10 uM indomethacin, and
1 uM KT5720 inhibited PGN-induced COX-2 expression by 53 =
10%, 58 = 13%, and 91 * 5%, respectively. Furthermore, treat-
ment of RAW 264.7 macrophages with PGE, (0.01-1 uM) and
8-bromo-cAMP (30-300 uM) also resulted in increases in COX-2
expression in concentration-dependent manners. When cells were
treated with 1 uM PGE, or 300 uM 8-bromo-cAMP for 24 h,
COX-2 expression increased by ~241 = 67% or 1701 = 243%,
respectively (Fig. 11, B and C). These results suggest that PGN-
induced COX-2 expression can be regulated partially through pos-
itive feedback of COX-2-generated PGE, and subsequently
through cAMP/PKA signaling pathways.
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FIGURE 8. Involvement of COX-2-
generated PGE,, PKA activation, and IL-6
formation in PGN-mediated NF-«kB activa-
tion in RAW 264.7 macrophages. A, Cells
were pretreated for 30 min with 50 uM
PDTC and then stimulated with 30 pg/ml
PGN or | uM PGE, for 24 h. Media were
collected to measure IL-6. Results are ex-
pressed as the mean = SE of three indepen-
dent experiments performed in triplicate. *,
p < 0.05 as compared with the PGN or
PGE, treatment group, respectively. B,
Cells were treated with 30 wg/ml PGN for
the indicated time interval. The nuclear ex-
tracts were then prepared, and NF-kB-spe-
cific DNA-protein complex formation was
determined by EMSA as described in Ma-
terials and Methods. Top band, NF-«kB. C,
Cells were incubated with 30 wg/ml PGN
for 30 min. The nuclear extract was pre-
pared, and EMSA was performed as de-
scribed above. Top band, NF-«B. Results
of a competition experiment using 50-fold
unlabeled NF-kB oligonucleotide (50X
competitor) and a supershift experiment
with 4 ug of the anti-p65 or anti-p50 Ab
performed on the nuclear extract from PGN
treatment are also shown. Typical traces are
representative of two experiments with sim-
ilar results. D and E, Cells were pretreated
with 1 uM NS398 (NS), 3 uM KT5720
(KT), or 0.3 ng/ml anti-IL-6 Ab for 30 min
and then stimulated with 30 wg/ml PGN for
another 30 min (D) or 6 h (E) of treatment,
respectively. Nuclear extracts were pre-
pared for determination of NF-kB-specific
DNA-protein complex formation by EMSA
as described above. Typical traces are rep-
resentative of two experiments with similar
results.

Discussion

In this study, we show that PGN induces IL-6 production in RAW
264.7 macrophages by a mechanism involving COX-2 induction,
PGE, release, and PKA activation. Several lines of evidence sug-
gest that PGE, may play a vital role in IL-6 production (30-34).
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It has been shown that exogenous PGE, can stimulate IL-6 pro-

duction in macrophages and astrocytes (31, 39, 40). Furthermore,
it is well established that eicosanoid-producing enzymes, such as
COX-2, are expressed in RAW 264.7 macrophages and are regu-
lated by many factors, including cytokines and infectious agents
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FIGURE 9. Involvement of COX-2-generated PGE,, EP2, and EP4 re-
ceptors, IL-6 formation, p38 MAPK, and PKC activation in PGN-mediated
NF-kB activation in RAW 264.7 macrophages. RAW 264.7 macrophages
were transiently transfected with 0.3 ug of pGL2-ELAM-Luc and 0.3 ug
of pBK-CMV-LacZ for 24 h. Cells were pretreated with 10 uM indometh-
acin, 1 uM NS398, 3 uM KT5720, 0.3 ng/ml anti-IL-6 Ab (A), 3 uM
AH6809, 30 uM AH23848, 3 uM AH6809 + 30 uM AH23848 (C), 1 uM
R031-8220, or I uM SB203580 (D) for 30 min and then stimulated with
30 wg/ml PGN (A4, C, and D) or 300 nM 8-bromo-cAMP (D) for another
24 h. Luciferase activities were determined as described in Materials and
Methods. The level of induction of luciferase activity was compared with
that of cells without PGN (A4, C, and D) or 8-bromo-cAMP (D) treatment.
Data represent the mean * SE of three experiments performed in duplicate.
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(35, 41, 42). Furthermore, COX-2 is thought to contribute to the
generation of PGs at sites of inflammation (27). Because PGN has
been shown to stimulate COX-2 protein expression after 2 h of
treatment (35), we hypothesized that COX-2 products may be in-
volved in mediating the PGN-induced increase in IL-6 production.
Our study has revealed that PGN induced PGE, formation in a
time-dependent manner. The respective increases after 2, 4, 6, 8,
12, 18, and 24 h of treatment were 3-, 7-, 9-, 16-, 23-, 26-, and
24-fold of the basal level, paralleling the increase in COX-2 ex-
pression stimulated by PGN (35). We also found that PGE, added
to the culture medium increases IL-6 production and that the non-
selective COX inhibitor indomethacin and the selective COX-2
inhibitor NS398 blocked PGN-induced IL-6 production. These re-
sults indicate that COX-2-generated PGE, plays a critical role in
PGN-stimulated IL-6 production. Furthermore, we found that PGN
induces iNOS expression and nitrite release and that the nonselec-
tive NOS inhibitor, L-NAME, did not inhibit PGN-induced IL-6
production, suggesting that iNOS expression and NO formation
are not involved in the signaling pathway of PGN-induced IL-6
production. These findings support those from another study on
LPS (32), a cell wall component of Gram-negative bacteria, in
J774.2 macrophages. We also found that treatment of RAW 264.7
cells with PGE, and the PKA activator 8-bromo-cAMP resulted in
increases in COX-2 expression and that indomethacin, NS398, and
the PKA inhibitor KT5720 blocked PGN-induced COX-2 expres-
sion. These results suggest that PGN-induced COX-2 expression
may be partially regulated through positive feedback of COX-2-
generated PGE, and subsequently through cAMP/PKA signaling
pathways.

The action of PGE, occurs via four different transmembrane
receptors, namely EP1, EP2, EP3, and EP4 (28). Previous studies
demonstrated that RAW 264.7 macrophages express EP2, EP3,
and EP4, but not EP1, receptors (38). We found that the EP2 an-
tagonist AH6809 and the EP4 antagonist AH23848 markedly in-
hibited PGN-induced IL-6 production. The combination of
AH6809 and AH23848 showed a more marked inhibitory effect.
Although AH23848 is also a thromboxane A, receptor (TP) an-
tagonist, RAW 264.7 macrophages do not express the TP (38).
Therefore, we ruled out the possibility that the inhibitory effect of
AH?23848 on PGN-induced IL-6 release occurs via the TP. Previ-
ous studies have indicated that sulprostone, butaprost, and miso-
prostol are agonists for EP1/EP3, EP2, and EP2/EP3/EP4, respec-
tively (43, 44). In this study, we found that butaprost, misoprostol,
and misoprostol in the presence of the EP2 antagonist AH6809
resulted in IL-6 release, whereas sulprostone did not. These results
suggest that PGN-stimulated IL-6 production is mediated via the
EP2 and EP4 receptors. EP2 and EP4 are G-protein-coupled re-
ceptors that activate adenylyl cyclase upon ligand binding and re-
sult in increased cAMP levels and activation of PKA (29). In this
study, we found that PGN induced cAMP formation and that
NS398, AH6809, and AH23848 inhibited PGN-induced cAMP
formation. Furthermore, the specific PKA inhibitor suppressed
PGN-induced IL-6 production. The increase in cAMP formation
was approximately parallel to the levels of endogenously produced

#, p < 0.05 as compared with the PGN (A, C, and D) or 8-bromo-cAMP
(D) treatment group, respectively. B, RAW 264.7 macrophages were tran-
siently transfected with 0.3 ug of pGL2-ELAM-Luc and 0.3 ug of pBK-
CMV-LacZ for 24 h. Cells were stimulated with IL-6 (1-10 ng/ml) for
another 24 h. Luciferase activities were determined as described above.
The level of induction of luciferase activity was compared with that of cells
without IL-6 treatment. Data represent the mean * SE of three experiments
performed in duplicate. *, p < 0.05 as compared with the basal level.
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FIGURE 10. NO is not involved in PGN-mediated IL-6 production in
RAW 264.7 macrophages. A, Cells were incubated with 30 ng/ml PGN for
the indicated time intervals and then immunodetected using specific Abs
against iNOS or a-tubulin as described in Materials and Methods. Data are

PGN-INDUCED IL-6 PRODUCTION

PGE, stimulated by PGN. These results suggest that COX-2-gen-
erated PGE, acts as an autocrine/paracrine factor for stimulating
PGN-induced IL-6 production via the EP2/EP4 receptor-mediated
cAMP/PKA signaling pathways. This suggestion is further sup-
ported by previous reports that LPS induces an increase in cAMP
levels through PGE, formation in peritoneal macrophages and
RAW 264.7 macrophages (45, 46). A previous report also indi-
cated that in cultured Caco-2 cells, the cAMP-dependent PKA sig-
naling pathway is involved in IL-1B-induced IL-6 production (47).
In mice and humans, the IL-6 promoter has many transcription
factors including NF-«B in the 5’ region of the IL-6 gene (11, 12).
Several studies have demonstrated that NF-«B plays a vital role in
mediating the up-regulation of IL-6 protein induced by several
inflammatory mediators (48, 49). We found that the NF-«B inhib-
itor PDTC inhibited PGN- and PGE,-induced IL-6 production,
suggesting that PGE,-dependent NF-kB activation is required for
PGN-induced IL-6 production. Short term (5-60 min) treatment of
cells with PGN did not cause an increase in cAMP formation,
whereas long term (2—12 h) treatment of cells induced cAMP for-
mation, with a maximum effect at 4—8 h after PGN treatment.
Furthermore, stimulation of cells with PGN resulted in a two
waves of formation of the NF-kB-specific DNA-protein complex.
The first wave of NF-kB activation occurred at 10—60 min of
treatment, whereas the later wave occurred at 2—12 h of treatment.
We also found that a specific COX-2 inhibitor and a PKA inhibitor
inhibited the PGN-induced later wave of NF-kB-specific DNA-
protein complex formation, but not the first wave of NF-«B acti-
vation. These results suggest that PGN-induced IL-6 production
requires two separate activation steps for NF-«kB: the first wave of
NF-kB activation may be PGE,/cAMP-independent; whereas the
later wave of NF-kB activation may be PGE,/cAMP dependent.
It has been shown that the cAMP/PKA pathway is involved in
LPS-induced NF-kB activation in RAW 264.7 macrophages (46).
PKA was found to mediate NF-kB activation through the IKK«f3
complex in J774.2 macrophages (50). In the present study, we
found that the PGN-mediated increase in IKKaf3 activity is a de-
layed event. The respective increases after 2, 4, 6, and 8 h of
treatment were 0.5-, 0.6-, 2.5-, and 2.1-fold of the basal level, with
the maximum effect at 6—8 h treatment, paralleling the increase in
cAMP formation. The later wave activation of DNA-protein com-
plex formation caused by PGN showed an increase after 2 h of
treatment and a maximal level at 8—12 h of treatment; this oc-
curred downstream of IKKaf3 activation. We also found that a
specific COX-2 inhibitor and a PKA inhibitor inhibit the PGN-
induced increase in IKKaf3 activation and kB luciferase activity.
Furthermore, exogenous PGE, and the direct PKA activator §-bro-
mo-cAMP also cause IKKaf activation or an increase in kB lu-
ciferase activity. These results indicate that IKKafS-dependent

representative of three independent experiments that gave essentially iden-
tical results. The extents of iNOS and «-tubulin protein expressions were
quantitated using a densitometer with scientific imaging systems. The rel-
ative level was calculated as a percentage of the control level. Results are
expressed as the mean = SE of three independent experiments performed
in triplicate. *, p < 0.05 as compared with the control group. Equal loading
in each lane is demonstrated by similar intensities of a-tubulin. B, Cells
were incubated with 30 wg/ml PGN for the indicated time intervals. Media
were collected to measure nitrite release. Results are expressed as the
mean * SE of three independent experiments performed in triplicate. *,
p < 0.05 as compared with the control group. C and D, Cells were pre-
treated for 30 min with vehicle or L-NAME (100 and 300 uM) and then
stimulated with 30 wg/ml PGN for 24 h. Media were collected to measure
of nitrite (C) and IL-6 (D), respectively. Results are expressed as the
mean = SE of four independent experiments performed in triplicate. *, p <
0.05 as compared with the PGN treatment group.



The Journal of Immunology

A
5 PGN 30 pg/ml
¥ - NS Indo KT NS Indo KT
[ E_ N e COX-2
— —— LR
B000+
2
Z 6000 -
g
€
1
R
5 2000
o
[ S o T ﬁ T { e
Basal -- NS Indo KT NS Indo KT
PGN 30 pg/ml
B % PGE:
& :
7 0.01 0.1 1 (uM)
— | COX-2

[ S S—| O-tubulin

350

COX-2 immunoreactivity
(% of control)

0 0.01 0.1 1 (uM)

PGEy
C
2D 8-bromo-cAMP
30 100 300 (uM)
e - | COX-2
C— o — q a-tubulin
2000 *
z T
; 1500
=
gE
£8
E < 1000
E ©
3 500
[ ]
0 T T T
30 100 300 (uM)
8-bromo-cAMP
FIGURE 11. Positive feedback of COX-2-generated PGE, involved in

PGN-mediated COX-2 expression in RAW 264.7 macrophages. A, Cells
were pretreated with 1 uM NS398 (NS), 10 uM indomethacin (Indo), and
3 uM KT5720 (KT) for 30 min followed by stimulation with 30 pg/ml
PGN for another 24 h, and COX-2 expression was determined by immu-
noblotting with an Ab specific for COX-2. Equal loading in each lane is
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FIGURE 12. Schematic summary of signal transduction by PGN induc-
tion of macrophage IL-6 production in RAW 264.7 macrophages. PGN
might activate the Ras/Raf-1/ERK pathway through recruitment of Ras and
p85a to TLR2 to mediate an increase in IKKaf activity and p50/p65
(NF-kB) activation, which lead to COX-2 expression and PGE, release.
PGN-induced PGE, release result in activation of the EP2 and EP4 recep-
tors and the cAMP/PKA pathway, which in turn increase IKKaf activity,
p65 phosphorylation at Ser®’®, and NF-«B activation, and finally induce
IL-6 production in RAW 264.7 macrophages. However, PGN-induced NO
release is not involved in the signaling pathway of PGN-induced IL-6
production.

NF-kB activation occurs downstream of the signaling pathway of
COX-2-generated PGE, and PKA activation stimulated by PGN.
Moreover, we also showed that the EP2 antagonist, AH6809, and
the EP4 receptor antagonist, AH23848, inhibited the PGN-induced
increase in kB luciferase activity. The combination of AH6809 and
AH23848 resulted in a more marked inhibitory effect in the PGN-
induced increase in kB luciferase activity. These results suggest
that COX-2-generated PGE, induced by PGN occurs via EP2 and
EP4 receptor activation by mediating NF-kB activation. Previous
studies have also shown that IL-6 induces NF-kB activation in
intestinal epithelial cells (51). Therefore, it is possible that IL-6
production is involved in PGN-induced NF-«B activation. In the
present study, we found that IL-6 caused an increase in kB lucif-
erase activity and that the anti-IL-6 Ab inhibited the PGN-induced
later wave of NF-kB-specific DNA-protein complex formation and
an increase in kB luciferase activity. These results suggest that
IL-6 production also acts as an autocrine/paracrine factor for PGN-
induced NF-«B activation. In this study, we also found that a PKC
inhibitor (Ro31-8220) and a p38 MAPK inhibitor (SB203580) in-
hibited the PGN- and 8-bromo-cAMP-induced increase in kB lu-
ciferase activity, suggesting that PKA regulates the activities of
PKC and p38 MAPK that leads to NF-«B activation caused by
PGN. This suggestion is further supported by a previous report that

demonstrated by the similar intensities of a-tubulin. Typical traces are
representative of three experiments with similar results, which are pre-
sented as the mean = SE. *, p < 0.05 as compared with PGN treatment.
In B and C, cells were incubated with PGE, (0.01-1 uM) (B) or 8-bromo-
cAMP (30-300 uM) (C) for 24 h, and then COX-2 or a-tubulin protein
levels were determined. Equal loading in each lane is shown by the similar
intensities of a-tubulin. Traces represent results from three independent
experiments, presented as the mean * SE. *, p < 0.05 as compared with
the control group.
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PKA induces NF-«kB activation via the PKC and p38 MAPK sig-
naling pathway in J774.2 macrophages (50).

Recent studies have suggested that PKA may be involved in
events leading to enhanced phosphorylation of the p65 subunit of
NF-«B and the subsequent enhanced transactivation potential of
NF-kB once it is bound to its consensus sequence (21, 52). In this
study, we found that PGN causes p65 phosphorylation at Ser?’® in
a time-dependent manner. The maximum occurred after 6 h of
treatment, and this effect was parallel to cAMP formation, IKKaf3
activation, and NF-«B activation. Furthermore, a specific COX-2
inhibitor (NS398) and a PKA inhibitor (KT5720) inhibited PGN-
stimulated p65 phosphorylation at Ser?’®. These results suggest
that p65 phosphorylation also occurs downstream of COX-2-gen-
erated PGE, and PKA activation in the PGN-mediated signaling
pathway.

In conclusion, the findings of our study for the first time show
that PGN-induced IL-6 production involves COX-2-generated
PGE,, EP2, and EP4 receptor activation; intracellular cAMP for-
mation; and the activations of PKA, PKC, p38 MAPK, IKKap,
p65 phosphorylation, and NF-«kB. PGN-induced COX-2 expres-
sion may be partially regulated through positive feedback by
COX-2-generated PGE, formation. However, PGN-induced iNOS
expression and nitrite release were not involved in the signaling
pathway of PGN-induced IL-6 production. Fig. 12 is a schematic
representation of the signaling pathway of PGN-induced IL-6 pro-
duction in RAW 264.7 macrophages. By understanding these sig-
nal transduction pathways, we can design therapeutic strategies to
reduce inflammation caused by Gram-positive organisms.
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In this study, we investigated the signaling pathway
involved in cyclooxygenase-2 (COX-2) expression caused
by peptidoglycan (PGN), a cell wall component of the
Gram-positive bacterium Staphylococcus aureus, in
RAW 264.7 macrophages. PGN caused dose- and time-de-
pendent increases in COX-2 expression, which was at-
tenuated by a Ras inhibitor (manumycin A), a Raf-1 in-
hibitor (GW 5074), and an MEK inhibitor (PD 098059).
Treatment of RAW 264.7 macrophages with PGN caused
time-dependent activations of Ras, Raf-1, and ERK. The
PGN-induced increase in Ras activity was inhibited by
manumycin A. Raf-1 phosphorylation at Ser-338 by PGN
was inhibited by manumycin A and GW 5074. The PGN-
induced increase in ERK activity was inhibited by
manumycin A, GW 5074, and PD 098059. Stimulation of
cells with PGN activated I«xB kinase o/ (IKKa/B), IkBa
phosphorylation, IkBa degradation, and kB-luciferase
activity. Treatment of macrophages with an NF-«B in-
hibitor (pyrrolidine dithiocarbamate), an IkBa phospho-
rylation inhibitor (Bay 117082), and IxB protease inhib-
itors (L-1-tosylamido-2-phenylethyl chloromethyl ketone
and calpain inhibitor I) all inhibited PGN-induced
COX-2 expression. The PGN-mediated increase in the
activities of IKK«/f and kB-luciferase were also inhib-
ited by the Ras dominant negative mutant (RasN17),
manumycin A, GW 5074, and PD 098059. Further studies
revealed that PGN induced the recruitment of p85« and
Ras to Toll-like receptor 2 in a time-dependent manner.
Our data demonstrate for the first time that PGN acti-
vates the Ras/Raf-1/ERK pathway, which in turn ini-
tiates IKK«o/B and NF-kB activation, and ultimately in-
duces COX-2 expression in RAW 264.7 macrophages.

Peptidoglycan (PGN),! a cell wall component of Gram-posi-
tive bacteria, is an alternating p-linked N-acetylmuramyl and
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N-acetylglucosaminyl glycan whose residues are cross-linked
by short peptides (1, 2). Like lipopolysaccharide (LPS) as a cell
wall component of Gram-negative bacteria, PGN induces most
of the clinical manifestations of bacterial infections, including
inflammation, fever, septic shock, etc. (3). Most of these effects
are due to the activation of macrophages and generation of
proinflammatory cytokines, such as tumor necrosis factor «,
interleukin (IL)-6, and IL-8 (4—8). PGN binds CD14 and Toll-
like receptor 2 (TLR2), which activates transcription factors
and induces gene expression (4, 9). Even though it is well
known that bacterial products have multiple and various ef-
fects on the regulation of host defense and immune responses
by macrophages, little is known about how PGN regulates
induction of the cyclooxygenase-2 (cox-2) gene.

COX is the key enzyme that synthesizes prostaglandins and
thromboxane from arachidonic acid (10, 11). Two COX
isozymes, COX-1 and COX-2, have been cloned and identified
to have 60% homology in humans (12, 13). COX-1, which is
constitutively expressed in most tissues, mediates physiologi-
cal responses and regulates renal and vascular homeostasis.
COX-2, an inducible gene for cell synthesis, can be up-regu-
lated by inflammatory stimuli including IL-18, lipoteichoic acid
(LTA), and LPS to produce proinflammatory prostaglandins in
inflammation (14-19). Several consensus sequences, including
those for nuclear factor-«B (NF-«B), NF-IL6, and the activating
transcription factor/cyclic AMP-responsive element in the 5’
region of the cox-2 gene, have been identified as regulatory
sequences that can induce COX-2 in response to various stimuli
(20-22). NF-«B, the most important transcription factor for
regulating COX-2 expression, is a dimer of the transcription
factors p65 or p50 (23). In a resting state, this dimer is associ-
ated with IxBs to retain NF-«B in the cytosol (24). I«B kinase
(IKK), which is activated through stimulation by cytokines and
bacterial products, phosphorylates IkBa at Ser-32 and Ser-36
and IkBp at Ser-19 and Ser-23 (25-27), to produce ubiquitina-
tion of IkBa/B at lysine residues and degradation by the 26 S
proteasome (28). This process releases active NF-«B, which is
then translocated from the cytosol to the nucleus, to bind spe-
cific DNA enhancer sequences and to induce gene transcription
(23). A previous report showed that PGN-induced NF-«B acti-

protein kinase; MBP, myelin basic protein; MEK, MAPK/ERK Kkinase;
MyD88, myeloid differentiation protein; NF-«kB, nuclear factor-«B;
PBS, phosphate-buffered saline; PDTC, pyrrolidine dithiocarbamate;
Raf-1 RBD, Ras-binding domain for Raf-1; TIR, toll/IL-1 receptor;
TLR2, Toll-like receptor 2; TPCK, L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone, TRAF6, tumor necrosis factor receptor-associated
factor 6.
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vation is mediated through TLR2-dependent multiple signal-
ing molecules including myeloid differentiation protein
(MyD88), IL-1 receptor-associated kinase (IRAK), tumor necro-
sis factor receptor-associated factor 6 (TRAF6), NF-kB-induc-
ing kinase, and the IKK signaling pathway (4, 5), but little
information is available about the role of Ras in regulating
NF-«B signaling following PGN stimulation.

Ras has been found to couple with multiple effector systems
to activate distinct physiological and pathological responses
such as cell proliferation and release of proinflammatory me-
diators (22, 29-31). An important class of Ras effectors is the
mitogen-activated protein kinase (MAPK) family. The classic
Ras-mediated pathway involves the binding of Raf-1 and sub-
sequent phosphorylation of Raf-1 at Ser-338 by many kinases
(32, 33), which in turn activates extracellular signal-regulated
kinases (ERKs) (34), and consequently phosphorylates many
target proteins including transcription factors and protein ki-
nases (35). Although a role for Ras in COX-2 induction has been
implied by many cell types (22, 30, 31), however, PGN-induced
COX-2 expression has not been investigated in macrophages.
This study was intended to identify the signaling pathway of
PGN-induced Ras activation and its roles in PGN-mediated
NF-«B activation and COX-2 expression in RAW 264.7 macro-
phages. Our hypothesis is that PGN might induce TLR2, p85a«,
and Ras complex formation and subsequently activate the Ras/
Raf-1/ERK pathway, which in turn increases IKKo/B activity
and NF-«B activation and finally causes COX-2 expression in
RAW 264.7 macrophages.

EXPERIMENTAL PROCEDURES

Reagents—Peptidoglycan (PGN derived from Staphylococcus aureus)
was purchased from Fluka (Buchs, Switzerland). Manumycin A, PD
098059, and SB 203580 were obtained from Calbiochem. GW 5074 was
obtained from Tocris (Bristol, UK). Dulbecco’s modified Eagle’s medi-
um/Ham’s F-12 (DMEM/Ham’s F-12), fetal calf serum, and penicillin/
streptomycin were purchased from Invitrogen. Antibodies specific for
a-tubulin and COX-2 were purchased from Transduction Laboratories
(Lexington, KY). Protein A/G beads, IkBa protein (amino acids 1-317),
antibodies specific for ERK, ERK phosphorylated at Tyr-204, IxBa,
IkBa phosphorylated at Ser-32, IKK«a, IKKB, Raf-1, TLR2, Ras, p85«,
and anti-mouse and anti-rabbit IgG-conjugated horseradish peroxidase
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibody specific for Raf-1 phosphorylated at Ser-338 was purchased
from Cell Signaling and Neuroscience (St. Louis, MO). Anti-mouse and
anti-rabbit IgG-conjugated alkaline phosphatases were purchased from
Jackson ImmunoResearch (West Grove, PA). pGL2-ELAM-Luc (which
is under the control of a single NF-«B-binding site) and pBK-CMV-LacZ
were kindly provided by Dr. W.-W. Lin (National Taiwan University,
Taipei, Taiwan). A Ras dominant negative mutant (RasN17) and a Ras
activity assay kit were purchased from Upstate Biotechnology, Inc.
(Lake Placid, NY). [y-*2P]ATP (6,000 Ci/mmol) was purchased from
Amersham Biosciences. Bay 117082 was obtained from Alexis (Lausen,
Switzerland). GenePORTER™ 2 was purchased from Gene Therapy
System (San Diego, CA). All materials for SDS-PAGE were purchased
from Bio-Rad. All other chemicals were obtained from Sigma.

Cell Culture—The mouse macrophage cell line, RAW 264.7, was
obtained from the American Type Culture Collection (Livingstone, MT),
and cells were maintained in DMEM/Ham’s F-12 nutrient mixture
containing 10% fetal calf serum, 100 units/ml of penicillin G, and 100
png/ml streptomycin in a humidified 37 °C incubator. After reaching
confluence, cells were seeded onto either 6-cm dishes for immunoblot-
ting, co-immunoprecipitation, or kinase assays, or 12-well plates for
transfection and B luciferase assays.

Transfection and kB Luciferase Assays—For these assays, 2 X 10°
RAW 264.7 cells were seeded onto 12-well plates, and cells were trans-
fected the following day using GenePORTER™ 2 with 0.5 ug of pGL2-
ELAM-Luc and 0.5 pg of pBK-CMV-LacZ. After 24 h, the medium was
aspirated, replaced with fresh DMEM/Ham’s F12 containing 10% FBS,
and then stimulated with PGN (30 ug/ml) for another 24 h before
harvest. To assess the effects of Ras, Raf-1, and ERK inhibitors, drugs
were added to cells 20 min before PGN addition. To assay the effect of
RasN17, cells were co-transfected with RasN17, pGL2-ELAM-Luc, and
pBK-CMV-LacZ for 24 h and then treated with PGN. Luciferase activity
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was determined with a luciferase assay system (Promega) and was
normalized on the basis of LacZ expression. The level of induction of
luciferase activity was compared as a ratio to cells with and without
stimulation.

Immunoblot Analysis—To determine the expressions of COX-2, a-tu-
bulin, ERK phosphorylated at Tyr-204, ERK2, IKKa/B, IkBa phospho-
rylated at Ser-32, IxBa, Ras, Raf-1 phosphorylated at Ser-338, and
Raf-1 in RAW 264.7 macrophages, proteins were extracted, and West-
ern blotting analyses were performed as described previously (36).
Briefly, RAW 264.7 macrophages were cultured in 6-cm dishes. After
reaching confluence, cells were treated with vehicle and PGN or pre-
treated with specific inhibitors as indicated followed by PGN. After
incubation, cells were washed twice in ice-cold phosphate-buffered sa-
line (PBS) and solubilized in extraction buffer containing 10 mm Tris
(pH 7.0), 140 mMm NaCl, 2 mM phenylmethylsulfonyl fluoride, 5 mm
dithiothreitol, 0.5% Nonidet P-40, 0.05 mM pepstatin A, and 0.2 mMm
leupeptin. Samples of equal amounts of protein (60 ug) were subjected
to SDS-PAGE and then transferred onto a polyvinylidene difluoride
membrane that was then incubated in TBST buffer (150 mm NaCl, 20
mM Tris-HCI, and 0.02% Tween 20 (pH 7.4)) containing 5% non-fat
milk. Proteins were visualized by specific primary antibodies and then
incubated with horseradish peroxidase- or alkaline phosphatase-conju-
gated second antibodies. Immunoreactivity was detected using en-
hanced chemiluminescence or nitro blue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate following the manufacturer’s instructions.
Quantitative data were obtained using a computing densitometer with
scientific imaging systems (Eastman Kodak Co.).

Immaunoprecipitation and Protein Kinase Assays—RAW 264.7 cells
were grown in 6-cm dishes. After reaching confluence, cells were treated
with 30 ug/ml PGN for the indicated time intervals or pretreated with
specific inhibitors as indicated followed by PGN. After incubation, cells
were washed twice with ice-cold PBS, lysed in 1 ml of lysis buffer
containing 20 mM Tris-HCI (pH 7.5), 1 mm MgCl,, 125 mm NaCl, 1%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin,
10 pg/ml aprotinin, 25 mm B-glycerophosphate, 50 mM NaF, and 100 um
sodium orthovanadate, and centrifuged. The supernatant was then
immunoprecipitated with respective polyclonal antibodies against
IKKa, IKKB, or ERK2 in the presence of A/G-agarose beads overnight.
The beads were washed three times with lysis buffer and two times with
kinase buffer containing 20 mm HEPES (pH 7.4), 20 mm MgCl,, and 2
mM dithiothreitol. The kinase reactions were performed by incubating
immunoprecipitated beads with 20 ul of kinase buffer supplemented
with 20 pm ATP and 3 uCi of [y-**P]ATP at 30 °C for 30 min. To assess
IKKa/B and ERK activities, 0.5 pug of GST-IkBa protein (amino acids
1-317) and 50 pg/ml of myelin basic protein (MBP) were respectively
added as the substrates. The reaction mixtures were analyzed by 12
(IKKa/B) or 15% (ERK) SDS-PAGE followed by autoradiography.

Ras Activity Assay—Ras activity was measured using a Ras activity
assay kit. The assay was performed according to the manufacturer’s
instructions. Briefly, cells were washed twice with ice-cold PBS, lysed in
magnesium lysis buffer (MLB) (25 mm HEPES (pH 7.5), 150 mMm NaCl,
5% Igepal CA-630, 10 mm MgCl,, 5 mm EDTA, 10% glycerol, 10 ug/ml
aprotinin, and 10 ug/ml leupeptin), and centrifuged. An equal volume of
lysate was incubated with 5 ug of Ras-binding domain for Raf-1 (Raf-1
RBD) at 4 °C overnight, and the beads were washed three times with
MLB lysis buffer. Bound Ras proteins were then solubilized in 2X
Laemmli sample buffer and quantitatively detected by Western blotting
(10% SDS-PAGE) using mouse monoclonal Ras with the ECL system
and by densitometry of corresponding bands using scientific imaging
systems.

Co-immunoprecipitation of TLR2 Complex Formation—RAW 264.7
cells were grown in 6-cm dishes. After reaching confluence, cells were
treated with 30 ug/ml PGN for the indicated time intervals. The cells
were harvested, lysed in 1 ml of PD buffer (40 mm Tris-HCI (pH 8.0), 500
mM NaCl, 0.1% Nonidet P-40, 6 mm EGTA, 10 mm B-glycerophosphate,
10 mm NaF, 300 uM sodium orthovanadate, 2 mm phenylmethylsulfonyl
fluoride, 10 ug/ml aprotinin, 1 pg/ml leupeptin, and 1 mm dithiothre-
itol), and centrifuged. The supernatant was then immunoprecipitated
with specific antibodies against TLR2, p85a, or Ras in the presence of
protein A/G beads at 4 °C overnight. The immunoprecipitated beads
were washed three times with PD buffer. The samples were fraction-
ated on 15 (for Ras) or 8% (for TLR2 or p85a) SDS-PAGE, transferred
to a polyvinylidene difluoride membrane, and subjected to immunoblot
analysis with antibodies specific for Ras, TLR2, or p85a.

Statistical Analysis—Results are presented as the mean * S.E. from
at least three independent experiments. One-way analysis of variance
followed by, when appropriate, Bonferroni’s multiple range test was
used to determine the statistical significance of the difference between
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Fic. 1. Concentration- and time-dependent increases in COX-2
expression by PGN in RAW 264.7 macrophages. A, macrophages
were incubated with various concentrations of PGN for 24 h, and then
COX-2 or a-tubulin protein levels were determined. B, cells were incu-
bated with 30 ug/ml PGN for the indicated time intervals, and then
COX-2 or a-tubulin protein levels were determined. Equal loading in
each lane is shown by the similar intensities of a-tubulin. Traces rep-
resent results from three independent experiments, which are pre-
sented as the mean = S.E. *, p < 0.05 as compared with the control
group.

means. A p value of less than 0.05 was considered statistically
significant.

RESULTS

PGN Induces Macrophage COX-2 Expression—Murine RAW
264.7 macrophages were chosen to investigate the signal path-
ways of PGN in COX-2 expression, an inflammatory response
gene. Treatment with PGN (1-100 wg/ml) for 24 h induced
COX-2 protein expression in a concentration-dependent man-
ner (Fig. 1A); this induction also occurred in a time-dependent
manner (Fig. 1B). After 24 h of treatment with 30 ug/ml PGN,
the COX-2 protein had increased by ~640 = 14% (n = 3) (Fig.
1B). To further confirm this stimulation-specific mediation by
PGN without LPS contamination, polymycin B, an LPS inhib-
itor, was tested. We found that polymycin B (0.3 pg/ml) did not
change PGN-induced COX-2 protein levels. In contrast, poly-
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mycin B completely inhibited LPS (1 ug/ml)-induced COX-2
protein expression (data not shown).

Augmentation of COX-2 Expression Occurred at the Level of
Transcription—RAW 264.7 macrophages were pretreated with
either actinomycin D (a transcriptional inhibitor) or cyclohex-
imide (a translational inhibitor) and then treated with 30
ng/ml PGN. As a result, the PGN-induced elevation of COX-2
expression was inhibited by actinomycin D (30 nm) and cyclo-
heximide (100 nm) by about 55 + 4 and 72 * 6%, respectively
(n = 3) (Fig. 2A). The results suggest that the increase in
COX-2 protein in RAW 264.7 macrophages responsive to PGN
may have been due to COX-2 transcriptional expression.

Involvement of NF-kB in PGN-induced COX-2 Expres-
sion—As mentioned previously, NF-«B activation is necessary
for COX-2 induction. Pyrrolidine dithiocarbamate (PDTC), an
antioxidant, has been shown to inactivate NF-«kB in macro-
phages (37). To examine whether NF-«B activation is involved
in the signal transduction pathway leading to COX-2 expres-
sion caused by PGN, the NF-«B inhibitor PDTC was used. Fig.
2B shows that PGN-induced COX-2 protein levels were inhib-
ited by PDTC (5-50 uMm) in a concentration-dependent manner.
When cells were treated with 50 um PDTC, PGN-induced
COX-2 expression was inhibited by 64 *= 4% (n = 3). Further-
more, macrophage pretreatment with an IxkBa phosphorylation
inhibitor (Bay 117082) (38) inhibited PGN-induced COX-2 pro-
tein expression in a concentration-dependent manner. Pre-
treatment of cells with 10 um Bay 117082 inhibited the PGN
response by 53 = 3% (n = 3) (Fig. 2C). In parallel with the
inhibition by PDTC and Bay 117082, IxB protease inhibitors
(L-1-tosylamido-2-phenylenylethyl chloromethyl ketone (TPCK,
3 wM) and calpain inhibitor I (10 um)) (39, 40) also inhibited
PGN-induced COX-2 protein expression by 35 = 3 and 65 = 5%,
respectively (n = 3) (Fig. 2D). These results suggest that NF-«B
activation is necessary for PGN-induced COX-2 expression in
RAW 264.7 macrophages.

PGN Causes Increases in IKKalB Activity, IkBa Phosphoryl-
ation, IkBa Degradation, and kB-Luciferase Activity—We fur-
ther determined the upstream molecules of NF-«B in PGN-
induced NF-«B activation. Stimulation of cells with 30 ug/ml
PGN induced increases in IKK«/B activity and IkBa phospho-
rylation in a time-dependent manner, reaching maximums af-
ter 10 and 10-30 min of treatment, respectively (Fig. 3, A and
B). In parallel with IKK«/B activity and IkBa phosphorylation,
IkBa degradation was apparent after 10 min of treatment with
30 ug/ml PGN, and the IkBa protein was resynthesized after 60
min of treatment (Fig. 3C). To directly determine NF-«B acti-
vation after PGN treatment, RAW 264.7 macrophages were
transiently transfected with pGL2-ELAM-«B-luciferase as an
indicator of NF-«kB activation. As shown in Fig. 3D, macro-
phage treatment with PGN (1-100 pg/ml) for 24 h caused a
concentration-dependent increase in B luciferase activity.

Ras Is Involved in PGN-induced COX-2 Expression—To
explore whether Ras might mediate PGN-induced COX-2 ex-
pression, manumycin A, a Ras inhibitor (41), was used. As
shown in Fig. 4A, pretreatment of RAW 264.7 macrophages
with manumycin A inhibited PGN-induced COX-2 expression
in a concentration-dependent manner. When cells were
treated with 3 uMm manumycin A, PGN-induced COX-2 ex-
pression was inhibited by 58 * 2% (n = 3). However, manu-
mycin A had no effect on the basal level of COX-2 expression
(Fig. 4A). Moreover, we found that 3 uM manumycin A also
inhibited 1 pg/ml LPS-stimulated COX-2 expression by 72 =
8% (n = 3) (Fig. 4A). Next, we directly measured the Ras
activity in response to PGN and LPS. Fig. 4, B and C, shows
that treatment of RAW 264.7 cells with 30 pug/ml PGN or 1
ng/ml LPS induced an increase in Ras activity in a time-de-
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Fic. 2. NF-kB is involved in PGN-mediated COX-2 induction in RAW 264.7 macrophages. A, transcriptional activity is involved in
PGN-induced COX-2 expression. Cells were pretreated for 30 min with vehicle, 10—30 nm actinomycin D (Act. D), and 30—-100 nM cycloheximide
(CHX) and then stimulated with 30 ug/ml PGN for 24 h. Cells were lysed and then immunoblotted for COX-2 or a-tubulin. B-D, the NF-«B signal
pathway was necessary for PGN-induced COX-2 expression. Cells were pretreated for 30 min with 5-50 um PDTC (B), 1-10 uMm Bay 117082 (C),
or 3 uM TPCK and 10 uM calpain inhibitor I (Calp) (D) and then stimulated with 30 pg/ml PGN for 24 h. Cell were lysed and then immunoblotted
for COX-2 or a-tubulin. Equal loading in each lane is demonstrated by the similar intensities of a-tubulin. Results are representative of three
independent experiments. Traces represent results from three independent experiments, which are presented as the mean + S.E. *, p < 0.05 as

compared with PGN treatment.

pendent manner, as assessed by immunoblotting samples for
Ras immunoprecipitated from lysates using Raf-1-RBD. Max-
imal activation was detected after 5 min of stimulation, and
the response continued until 30 min after PGN stimulation
(Fig. 4B). Similarly, the LPS-induced increase in Ras activity
began at 3 min, peaked at 5 min, and then declined at 10 min
after LPS treatment (Fig. 4C). Furthermore, the PGN-in-
duced increase in Ras activity was markedly inhibited by
pretreatment of cells for 30 min with manumycin A (1-3 um)
in a concentration-dependent manner (Fig. 4D). Taken to-
gether, these results imply that Ras activation is involved in
PGN- or LPS-induced COX-2 expression.

Raf-1 Is Involved in PGN-induced COX-2 Expression—To

examine whether Raf-1, a target protein for Ras, might play a
crucial role in PGN-induced COX-2 expression, the Raf-1 in-
hibitor GW 5074 (42) was used. As shown in Fig. 54, 1 um of
GW 5074 alone did not affect the basal COX-2 level, but it
significantly inhibited PGN-induced COX-2 expression by 43 *
3% (n 3). Furthermore, we found that GW 5074 (1 um)
inhibited LPS-induced COX-2 expression by 76 = 3% (n = 3)
(Fig. 5A). Raf-1 is associated with Ras-GTP and then by addi-
tional modifications such as phosphorylation at Ser-338 to be-
come the active form (33). The activated Raf-1 then triggers
sequential activation of downstream molecules. Thus, phospho-
rylation of Raf-1 at Ser-338 is a critical step in Raf-1 activation.
Next, we further examined Raf-1 Ser-338 phosphorylation by
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Fic. 3. PGN induced IKK«/f activation, IkBa phosphorylation,
IkBa degradation, and kB-luciferase activity in RAW 264.7
macrophages. A, RAW 264.7 cells were incubated with 30 wg/ml PGN
for 0-60 min, and cell lysates were then immunoprecipitated with
antibodies specific for IKKa and IKKB. One set of immunoprecipitates
was subjected to the kinase assay (KA) described under “Experimental
Procedures” using the GST-IkBa fusion protein as a substrate (top
panel). The other set of immunoprecipitates was subjected to 10%
SDS-PAGE and analyzed by immunoblotting (IB) with the anti-IKK«/B
antibody (bottom panel). Equal amounts of the immunoprecipitated
kinase complex present in each kinase assay were confirmed by immu-
noblotting for IKKa/B. B and C, following incubation for 0-120 min
with 30 ug/ml PGN, IkBa phosphorylation (B) and IkBa degradation (C)
were determined by immunoblotting using phospho-IkBa- and IkBa-
specific antibodies, respectively. Typical traces are representative of
three experiments with similar results. D, RAW 264.7 macrophages
were transiently transfected with 0.5 ug of pGL2-ELAM-Luc and 0.5 pug
of pPBK-CMV-LacZ for 24 h, and then cells were incubated with 1-100
ug/ml PGN for another 24 h. Luciferase activities were determined as
described under “Experimental Procedures.” The level of induction of
luciferase activity was compared with that of cells without PGN treat-
ment. Data represent the mean *= S.E. of three to four experiments
performed in duplicate. *, p < 0.05 as compared with the control
without PGN treatment.

PGN stimulation in RAW 264.7 macrophages using the anti-
phospho-Raf-1 antibody at Ser-338. When cells were treated
with 30 pg/ml PGN for various time intervals, Raf-1 Ser-338
phosphorylation increased at 5 min and peaked at 10 min.
After 20 min of treatment, the PGN-induced increase in Raf-1
Ser-338 phosphorylation declined (Fig. 5B). In addition, PGN-
induced Raf-1 Ser-338 phosphorylation was also inhibited by
treatment with 3 uM manumycin A and 1 um GW 5074 (Fig.
5C). Results indicate that Raf-1 is a downstream molecule of
Ras and is involved in Ras-mediated COX-2 protein expression.

PGN Mediates Phosphorylation of ERK—We next wished to
determine whether PGN is able to activate ERK, a critical down-
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Fic. 4. Effects of manumycin A on PGN-induced COX-2 expres-
sion and Ras activation in RAW 264.7 macrophages. A, RAW
264.7 macrophages were pretreated with vehicle and 0.3-3 uM manu-
mycin A (Manu) for 30 min followed by stimulation with 30 wg/ml PGN
or 1 ug/ml LPS for another 24 h, and COX-2 expression was determined
by immunoblotting with an antibody specific for COX-2. Equal loading
in each lane is demonstrated by the similar intensities of a-tubulin.
Typical traces are representative of three experiments with similar
results, which are presented as the mean = S.E. * p < 0.05 as compared
with PGN or LPS treatment. B and C, RAW 264.7 macrophages were
incubated with 30 ug/ml PGN or 1 ug/ml LPS for indicated time inter-
vals, and cell lysates were then immunoprecipitated with an antibody
specific for Raf-1 RBD. The Ras activity assay is described under “Ex-
perimental Procedures.” Typical traces represent three experiments
with similar results. D, cells were pretreated with 1-3 uM manumycin
A (Manu) for 30 min and then treated with 30 ug/ml PGN for another
10 min. Cells were then lysed for Ras activity assay as described above.
Typical traces represent two experiments with similar results.

stream target of Raf-1 (43), which has been shown to induce gene
expression (44). We tested the role of ERK in mediating PGN-
induced COX-2 expression by using the specific MEK inhibitor
PD 098059. As shown in Fig. 6A, PGN-induced COX-2 expression
was markedly attenuated by pretreatment of cells with PD
098059 (3-30 uMm) in a concentration-dependent manner. Pre-
treatment of cells with 30 um PD 098059 inhibited PGN-induced
COX-2 expression by 85 = 7% (n = 3) (Fig. 6A). Moreover, we also
found that 30 um PD 098059 inhibited LPS-induced COX-2 ex-
pression by 76 = 5% (n = 3) (Fig. 6A). To directly confirm the
crucial role of ERK in COX-2 expression, we determined ERK
phosphorylation and kinase activity in response to PGN. As
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Fic. 5. Effects of GW 5074 on PGN-induced COX-2 expression
and Raf-1 phosphorylation in RAW 264.7 macrophages. A, RAW
264.7 macrophages were pretreated with vehicle and GW 5074 (0.3-1
uM) for 30 min followed by stimulation with 30 ug/ml PGN or 1 ug/ml
LPS for another 24 h, and COX-2 expression was determined by immu-
noblotting with an antibody specific for COX-2. Equal loading in each
lane is demonstrated by the similar intensities of a-tubulin. Typical
traces represent three experiments with similar results, which are
presented as the mean *= S.E. * p < 0.05 as compared with PGN or LPS
treatment. B, RAW 264.7 macrophages were incubated with 30 pug/ml
PGN for 0-30 min, and then Raf-1 phosphorylation (upper panel) and
Raf-1 (bottom panel) protein levels were determined. The presence of
equal loading in each lane is shown by the similar intensities of Raf-1.
Traces represent results from three independent experiments. C, cells
were pretreated with 3 uM manumycin A (Manu) or 0.3 um GW 5074 for
30 min, and then treated with 30 ug/ml PGN for another 10 min. Cells
were then lysed for Raf-1 phosphorylation (upper panel) and Raf-1
(bottom panel) protein levels as described above. Typical traces repre-
sent two experiments with similar results.

shown in Fig. 6B, treatment of RAW 264.7 macrophages with 30
pg/ml PGN resulted in a time-dependent phosphorylation of
ERK. The ERK phosphorylation began at 10 min, peaked at
30-60 min, and then declined to 120 min after PGN treatment
(Fig. 6B, upper panel). The protein level of ERK2 was not affected
by PGN treatment (Fig. 6B, bottom panel). In parallel, using
MBP as an ERK substrate, an increase in ERK activity was
observed within 10 min and reached a peak 30 min after PGN
stimulation, thereafter declining to 60 min after stimulation (Fig.
6C). To determine the relationships among Ras, Raf-1, and ERK
in the PGN-mediated signaling pathway, we found that pretreat-
ment of RAW 264.7 cells for 30 min with 3 uM manumycin A, 1
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uM GW 5074, and 30 um PD 098059 markedly inhibited the
PGN-induced increase in ERK activity (Fig. 6D). Based on these
results, we suggest that activation of Ras and Raf-1 occurs up-
stream of ERK in the PGN-induced signaling pathway.

Ras, Raf-1, and ERK Mediated PGN-induced IKKo/B and
NF-«kB Activation—We further examined whether the activa-
tion of IKKa/B and NF-kB occurs through the Ras/Raf-1/ERK
signaling pathway. As shown in Fig. 7A, pretreatment of cells
for 30 min with manumycin A (3 um), GW 5074 (1 um), and PD
098059 (30 um) markedly attenuated the PGN-induced in-
crease in IKK«/B activity. None of these inhibitors affected the
basal IKKa/B activity (Fig. 7A). Similarly, the PGN-induced
increase in kB-luciferase activity was also inhibited by 3 um
manumycin A, 1 um GW 5074, and 30 um PD 098059 by 74 =
11, 71 *= 6, and 58 *= 13%, respectively (n = 3) (Fig. 7B). To
confirm further the role of Ras in PGN-mediated NF-«B acti-
vation, RasN17 was tested. Transfection of RAW 264.7 cells
with RasN17 inhibited the PGN-induced increase in «B-lucif-
erase activity in a dose-dependent manner, with 1 upg of
RasN17 reducing the basal «B-luciferase activity and PGN
response by about 64 * 15 and 82 * 7%, respectively (n = 3)
(Fig. 7B). Taken together, these data suggest that activation of
Ras/Raf-1/ERK pathway is also required for PGN-induced
IKK«/B and NF-«B activation in RAW 264.7 macrophages.

Ras Is Associated with TLR2 by p85«a upon PGN Stimula-
tion—The rapid activation of Ras by PGN stimulation sug-
gested that Ras activation might occur close to TLR2 in the
PGN signal pathway. Therefore, we investigated whether PGN
can induce the interaction between Ras and TLR2. As shown in
Fig. 84, treatment of RAW 264.7 macrophages with 30 pg/ml
PGN led to the rapid association of Ras and TLR2, as detected
by immunoblotting using the antibody to Ras after immuno-
precipitation of TLR2. The association of TLR2 and Ras oc-
curred at 1 min and peaked at 3-5 min (Fig. 84). Control
experiments using an unrelated polyclonal antibody for immu-
noprecipitation showed no Ras binding (Fig. 8A). The interac-
tion between TLR2 and Ras was further confirmed by converse
experiments in which the TLR2 and Ras complex was immu-
noprecipitated with the Ras antibody and immunoblotted with
the TLR2 antibody (Fig. 8B). Previous reports (45) showed that
p85 can interact with TLR2 and then induces Rac activation.
Therefore, we further examined the role of p85« involvement in
TLR2 and Ras complex formation by PGN stimulation. Fig. 8C
shows that PGN (30 ug/ml) treatment rapidly increased the
formation of the TLR2 and p85« complex at as early as 30 s and
then it declined at 1-5 min. We also found that treatment of
macrophages with PGN induced the association of p85a and
Ras within 1 min, and this was sustained for 5 min (Fig. 8D).
These results suggested that PGN induces Ras activation by
interacting with TLR2 and p85« in macrophages.

DISCUSSION

The findings of this study showed that PGN induces COX-2
expression through activation of the Ras/Raf-1/ERK/TKKo/p/
NF-«B signal pathway in RAW 264.7 macrophages. In mice
and humans, the COX-2 promoter has many transcription fac-
tors including NF-«B in the 5’ region of the cox-2 gene (20—22).
Transcription factor NF-«B has been reported to induce macro-
phage COX-2 in response to various inflammatory stimuli (46).
Previous studies have demonstrated that NF-«B activation is
necessary for LPS-induced COX-2 induction in RAW 264.7
macrophages (47-50). Hwang et al. (47, 48) reported that in
LPS-treated RAW 264.7 macrophages, NF-«B plays a crucial
role in TLR4-induced cox-2 gene expression. The results of this
study showed that NF-«B activation also contributed to PGN-
induced COX-2 induction in RAW 264.7 macrophages (Fig. 2,
and that all inhibitors of the NF-«kB-dependent signaling path-
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Fic. 6. Effects of PD 098059 on PGN-induced COX-2 expres-
sion, ERK phosphorylation, and ERK activity in RAW 264.7
macrophages. A, RAW 264.7 macrophages were pretreated with ve-
hicle and PD 098059 (3-30 um) for 30 min before treatment with 30
ng/ml PGN or 1 ug/ml LPS for another 24 h, and COX-2 expression was
determined by immunoblotting with an antibody specific for COX-2.
Equal loading in each lane is shown by the similar intensities of a-tu-
bulin. Typical traces represent three experiments with similar results,
which are presented as the mean = S.E. ¥, p < 0.05 as compared with
PGN or LPS treatment. B, after cells were treated with 30 ug/ml PGN
for different intervals, ERK phosphorylation was shown by immuno-
blotting with an antibody specific for phosphorylated ERK (upper
panel). Equal loading in each lane is shown by the similar intensities of
ERK2 (bottom panel). Typical traces represent three experiments with
similar results. C, for ERK kinase activity, cell lysates were immuno-
precipitated with ERK2 antibody. One set of immunoprecipitates was
subjected to the kinase assay (KA) using MBP as a substrate. The other
set of immunoprecipitates was subjected to 12% SDS-PAGE and ana-
lyzed by immunoblotting (IB) with an anti-ERK2 antibody. Equal
amounts of the immunoprecipitated kinase complexes present in each
kinase assay were confirmed by immunoblotting for ERK2. Shown are
representative results from three independent experiments. D, cells
were pretreated with 3 uM manumycin A (Manu), 0.3 um GW 5074, and
30 uM PD 098059 for 20 min and then incubated with 30 ug/ml PGN for
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Fic. 7. The Ras/Raf-1/ERK signal pathway is involved in PGN-
mediated IKKao/B and NF-«kB activation in RAW 264.7 macro-
phages. A, RAW 264.7 macrophages were pretreated with vehicle, 3 um
manumycin A (Manu), 0.3 um GW 5074, and 30 um PD 098059 for 30
min followed by stimulation with 30 wg/ml PGN for another 20 min; cell
lysates were then immunoprecipitated with antibodies specific to IKK«
and IKKB. One set of immunoprecipitates was subjected to the kinase
assay (KA) by using the GST-IkBa fusion protein as a substrate (top
panel). The other set of immunoprecipitates was subjected to 10%
SDS-PAGE and analyzed by immunoblotting (IB) with anti-IKKa/p
antibody (bottom panel). Equal amounts of the immunoprecipitated
kinase complex present in each kinase assay were confirmed by immu-
noblotting for IKKa/B. B, RAW 264.7 macrophages were either tran-
siently transfected with 0.5 pg of pGL2-ELAM-Luc and 1 ug of pBK-
CMV-LacZ for 24 h and were co-transfected with 0.5 and 0.5 ug of
RasN17, or were pretreated with 3 uM manumycin A, 0.3 um GW 5074,
and 30 pum PD 098059 for 20 min and then stimulated with 30 ug/ml
PGN for another 24 h. Cells were harvested for luciferase assay as
described in Fig. 4C. Data represent the mean + S.E. of three experi-
ments performed in duplicate. *, p < 0.05 as compared with the corre-

sponding control response of PGN treatment.

way, including PDTC, Bay 117082, TPCK, and calpain inhibi-
tor I, inhibited PGN-induced macrophage COX-2 expression.
Furthermore, PGN induced IKKa/B activation, IkBa phospho-
rylation, and IkBa degradation, as well as an increase in kB-
luciferase activity. These findings are in agreement with those
from studies on LTA (16, 51), another cell wall component of
Gram-positive bacteria. NF-«B activation is required to induce
COX-2 transcription in epithelial cells. The results of this study
also showed that Ras, Raf-1, and ERK are involved in NF-«B
activation through an increase in IKK«/B activity. A previous
report showed that in transformed liver epithelial cells, Ras
and Raf-1 lead to constitutive activation of NF-«kB through the
IKKo/B complex (52). These pathways may mediate PGN ef-
fect. As shown in Fig. 7, manumycin A, GW 5074, and PD
098059 blocked PGN-induced IKK«/B activity. In addition,
RasN17 and these inhibitors attenuated induction of NF-«B
reporter activity or cox-2 gene expression, implying a role in the
pathway of transactivation by PGN stimulation.

The TLR family now consists of 10 different TLRs (TLR1-
TLR10), but only TLR2 and TLR4 are known to have biological

another 10 min. Cell lysates were immunoprecipitated with an antibody
specific for ERK2. The kinase assay (KA) and immunoblotting (IB) were
as described above. Equal amounts of the immunoprecipitated kinase
complexes present in each kinase assay were confirmed by immuno-
blotting for ERK2. The data shown represent three experiments.
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Fic. 8. Ras is associated with p85«a and TLR2 upon PGN stim-
ulation in RAW 264.7 macrophages. A, RAW 264.7 macrophages
were stimulated with 30 ug/ml PGN for 0-5 min and were then lysed.
Cells extracts were immunoprecipitated (IP) with anti-TLR2 or anti-
isotype IgG antibody and then immunoblotted (IB) with anti-Ras anti-
body. IgG LC (IgG light chain). B, RAW 264.7 macrophages were
treated with PGN for the indicated time intervals. Cells extracts were
immunoprecipitated with the anti-Ras antibody and then immuno-
blotted with the anti-TLR2 antibody. C, cells were treated with PGN for
0-5 min, then immunoprecipitated with the anti-TLR2 antibody, and
immunoblotted with the anti-p85«a antibody. D, cells were stimulated
with PGN for 0—5 min, then immunoprecipitated with the anti-p85 «
antibody, and immunoblotted with the anti-Ras antibody. Typical
traces are representative of three experiments with similar results.

and pathological functions (53, 54). The cytoplasmic portion of
TLRs shows high similarity to that of the IL-1 receptor family
and is now called the Toll/IL-1 receptor (TIR) domain (53).
Upon recognizing respective ligands, the TIR domain recruits
MyD88/IRAK/TRAF6 and activates downstream signaling mol-
ecules such as MAPK and NF-«B (53). In addition to the com-
mon MyD88/IRAK/TRAF6 pathway, the TIR domain family
can activate downstream signal components through small G
proteins such as Rac and Ras to mediate NF-«B activation and
COX-2 expression (55, 56). To date, how the TIR domain family
activates Ras, especially TLR2, is still not clear. Recently, Ras
activation has been shown to be involved in the signaling
pathway of IL-1-induced p38 MAPK activation and occurred
through associating with IRAK, IRAK2, TRAF6, and TAK1
multiprotein complex in EL4.NOB-1 cells and HeLa cells (57,
58). Furthermore, Ras was found to participate in CpG oligo-
nucleotide-induced COX-2 expression through association with
TLR9 and to activate ERK and NF-«B in RAW 264.7 macro-
phages (56). In addition, a previous study also showed that the
TIR domain of TLR2 contains a p85-binding motif (YXXM),
which contributes to Rac mediation of TLR2-induced NF-«B
activation via the recruitment of p85 and Rac to the TLR2 (45).
The findings of our experiments showed that PGN can rapidly
induce TLR2 association with p85«a as early as 30 s, and sub-
sequently Ras interacted with TLR2 at 1 min following PGN
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Fic. 9. Schematic summary of signal transduction by PGN
induces COX-2 expression in RAW 264.7 macrophages. PGN-
induced Ras activation may occur through the recruitment of p85a and
Ras to TLR2 in RAW 264.7 macrophages. The PGN-induced activation
of the Ras/Raf-1/ERK cascade results in an increase in IKKa/B activity,
IkBa degradation, and NF-kB activation, which leads to expression of
the macrophage COX-2.

treatment. Simultaneously, we also found that PGN induced
the association of Ras and p85a during the interaction of Ras
and TLR2. Based on these findings, we suggest that PGN-
induced Ras activation may occur through the recruitment of
p85a and Ras to TLR2 in RAW 264.7 macrophages.

Ras, an oncogenic protein, plays a critical role in the induc-
tion of COX-2 protein (59, 60). Ras might activate a number of
signal pathways, including the Raf-1/MEK/ERK pathway and
the phosphatidylinositol 3-kinase/Akt/NF-kB pathway (34, 59,
60). In RAW 264.7 macrophages, LPS induces tumor necrosis
factor gene expression through the Ras/Raf-1/MEK/ERK path-
way (61). In murine fibroblasts, oncogene- and growth factor-
induced COX-2 transcription requires Ras-dependent Raf-2/
MAPKK/ERK activation (60). In this study, we found that
treatment of RAW 264.7 macrophages with PGN caused se-
quential activations of Ras, Raf-1, and ERK, and that manu-
mycin A, GW 5074, and PD 098059 all inhibited PGN-induced
ERK activation and COX-2 expression. These results suggested
that the Ras/Raf-1/ERK signal pathway is important for PGN-
induced COX-2 expression. This suggestion is further sup-
ported by our previous report that LTA induces COX-2 expres-
sion through the ERK pathway to induce NF-«B activation in
human lung epithelial cells (62). However, the contribution of
Ras or ERK to LPS-mediated RAW 264.7 macrophages COX-2
expression is controversial. Most reports (47, 50, 63—65) have
shown that LPS-induced RAW 264.7 macrophages cox-2 gene
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expression is dependent on the ERK signaling pathway. How-
ever, Wadleigh et al. (66) showed that overexpression of a
dominant negative mutant of Ras or ERK did not inhibit LPS-
induced COX-2 luciferase reporter activity. Nevertheless, they
did not directly measure Ras or ERK activity. In the present
study, we found that LPS induced an increase in Ras activity
and that manumycin A, GW 5074, and PD 098059 all attenu-
ated LPS-mediated COX-2 expression. Taken together, our re-
sults indicate that the Ras/Raf-1/ERK signaling pathway is
also necessary for LPS-induced COX-2 expression in RAW
264.7 macrophages.

In conclusion, the findings of our study for the first time
showed that PGN induced COX-2 transcription through the
Ras/Raf-1/ERK signaling pathway to increase in IKKa/B activ-
ity, NF-«kB activation, and COX-2 expression in RAW 264.7
macrophages. This is the first study showing PGN-induced Ras
activation may occur through the recruitment of p85« and Ras
to TLR2 in RAW 264.7 macrophages. Fig. 9 is a schematic
representation of the signaling pathway of PGN-induced
COX-2 expression in RAW 264.7 macrophages. With an under-
standing of these signal transduction pathways, we can design
therapeutic strategies to reduce inflammation caused by Gram-
positive organisms.
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