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Background: The signaling mechanisms involved in PGE2-induced MMP-9 expression in DCs are unknown.
Results:PGE2-inducedMMP-9 expression ismediated through the EP2/EP43 cAMP3PKA/PI3K3ERK signaling pathway.
Conclusion: PGE2-induced ERK activation is required for the binding of AP-1 to the MMP-9 promoter.
Significance: ERK inhibitors can be used to regulate DC migration.

Dendritic Cells (DCs) play an important role in the initiation
of the immune response by migrating to regional lymph nodes
and presenting antigen processed at the inflammatory site to
antigen-specific naïveT cells. ProstaglandinE2 (PGE2) has been
reported to play an essential role in DCmigration.We reported
previously that PGE2 induces matrix metalloproteinase 9
(MMP-9) expression in DCs and that PGE2-induced MMP-9 is
required for DCmigration in vivo and in vitro. In this study, we
investigated the signaling mechanisms involved in PGE2-induced
MMP-9 expression in DCs. We show that PGE2-induced MMP-
9 expression is mediated primarily through the EP2/EP4 3
cAMP3 protein kinase A (PKA)/PI3K3 ERK signaling path-
way, leading to c-Fos expression, and through JNK-mediated
activation of c-Jun in a PKA/PI3K/ERK-independent manner.
EP2 and EP4 receptor agonists, as well as cAMP analogs, mimic
the up-regulation of MMP-9 by PGE2. PKA, PI3K, and ERK
inhibitors abolished PGE2- and cAMP-induced c-Fos and
MMP-9 up-regulation, and ERK activation was required for the
binding of activator protein 1 (AP-1) transcription factor to the
MMP-9 promoter. Our results describe a new molecular mech-
anism for the effect of PGE2 onMMP-9 production in DCs that
could lead to future therapeutic approaches using ERK inhibi-
tors to regulate DC migration.

Dendritic cells (DCs)2 exert their unique ability to present
processed antigen to cognate naïve T cells upon migration to
draining lymph nodes. Migration to secondary lymphoid
organs requires the expression of the chemokine receptor
CCR7onDCs to respond to the chemokinesCCL19 andCCL21
constitutively produced in lymph nodes. In addition to the
CCR7 chemokine receptor, MMP-9 is also required for DC
migration (1–3). Indeed, DC migration in vivo is impaired in

MMP-9-deficient mice whose DCs express CCR7 chemokine
receptors (4).
Matrix metalloproteinases (MMPs) represent a family of

zinc-dependent proteinases that play a key role in facilitating
cell migration by degrading the extracellular matrix (ECM)
and basement membranes. Among MMPs, MMP-2 and
MMP-9 are the major MMPs that cleave collagen IV, an
essential component of basement membranes. MMP-9 is
secreted as an inactive proenzyme by different cell types,
including activated macrophages, monocytes, and DCs. Pro-
MMP-9 is cleaved by MMPs such as MMP-2, MMP-3, and
MMP-13 and can function both as a secreted and mem-
brane-bound proteinase (5).
Prostaglandin E2 (PGE2), generated from arachidonic acid

by cycloxygenases and prostaglandin E synthases, has been
shown to induce migration in a variety of cell types, including
DCs (6–8). The role of PGE2 in DC migration was established
inmice deficient in PGE2 receptor EP4, which showed reduced
DCmigration to lymph nodes (9). In addition, the role of PGE2
in MMP-9 production has been shown in several other cell
types. For instance, exogenous PGE2 increasedMMP-9 expres-
sion inmacrophages stimulated with phorbol myristate acetate
(PMA) and in LPS-stimulated trophoblasts (10, 11). Moreover,
endogenous PGE2 up-regulated MMP-9 expression in macro-
phages exposed to ECMand in tumor cells (12, 13).We showed
previously for the first time that PGE2 also promoted MMP-9
up-regulation in DCs and that PGE2-induced MMP-9 produc-
tion was required for DC migration (3). Although PGE2 was
identified as a potent MMP-9 inducer in DCs, the molecular
mechanisms of PGE2-induced MMP-9 expression are still
unknown. Here we studied the signaling pathways involved in
PGE2-induced MMP-9 expression. This study shows for the
first time the involvement of EP2/EP4 receptor-mediated
cAMP in the activation and binding of AP-1 to the MMP-9
promoter in DCs.We show that AP-1 activation involves c-Fos
induction through PKA/PI3K signaling, leading to ERK activa-
tion, and c-Jun phosphorylation through JNK activation in a
PKA/PI3K-independent manner.
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2 The abbreviations used are: DC, dendritic cell; MMP, matrix metalloprotei-
nase; ECM, extracellular matrix; PMA, phorbol myristate acetate; PKA, pro-
tein kinase A; EPAC, exchange protein directly activated by cAMP; dbcAMP,
dibutyryl-cAMP; EP, PGE2 receptor.
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MATERIALS AND METHODS

Mice—6- to 8-week-old B10.A mice were purchased from
The JacksonLaboratory (BarHarbor,Maine) andmaintained in
theTempleUniversity School ofMedicine animal facility under
pathogen-free conditions. Mice were handled and housed in
accordance with the guidelines of the Temple University Ani-
mal Care and Use Committee.
Reagents—PGE2 was purchased from Sigma. GM-CSF was

purchased fromPeprotech, Inc. (RockyHill, NJ). Butaprost, sul-
prostone, and CAY10580 were purchased from Cayman (Ann
Arbor, MI). Dibutyryl-cAMP (dbcAMP), the EPAC-specific
activator 8-CPT-2�-O-Me-cAMP, H89, LY294002, SB203580,
JNK inhibitor II, and JSH-32were purchased fromCalbiochem.
U0126 and antibodies to phospho-ERK, ERK, phospho-c-Jun,
c-Jun, and c-Fos were obtained from Cell Signaling Technol-
ogy, Inc. (Danvers, MA).
Generation and Purification of DC from BoneMarrow—DCs

were generated in vitro from bone marrow cells as described
previously (3).
FACS Analysis for Phospho-ERK, ERK, Phospho-c-Jun, c-Jun,

and c-Fos—Cells treated as indicated were fixed, permeabi-
lized, and incubated with anti-mouse phospho-ERK, anti-
mouse ERK, anti-mouse phospho-c-Jun, anti-mouse c-Jun, or
anti-mouse c-Fos for 40 min at room temperature followed by
Alexa Fluor-conjugated goat anti-rabbit IgG (Invitrogen) for 30
min. Datawere collected for 10,000 cells and analyzed by FACS.
Western Blot Analysis—3–6 � 106 DCs were serum-starved

for 3 h before treatment with PGE2 at room temperature. Sam-
ples were lysed in radioimmunoprecipitation assay lysis buffer
(50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS) plus a protease inhibitor mix-
ture (5 mM phenylmethyl-sulfonyl fluoride, 1 mM sodium
orthovanadate, 1 mM sodium fluoride, 0.2 �M okadaic acid
(Sigma)). 20–30�g of whole protein lysate weremixedwith 6�
sample buffer and boiled for 7 min, followed by loading on 10%
SDS-PAGE gels. Separated protein were transferred onto poly-
vinylidene fluoride membranes (Bio-Rad) and probed with pri-
mary antibodies against phospho-p44/p42 MAP Kinase (Thr-
202, Tyr-204), total p44/p42 MAP Kinase (L34F12), phospho-
cJun (Ser-63) II, and total cJun (L70B11) (Cell Signaling
Technology, Inc.) at 1:1000 dilution in 50:50 Odyssey blocking
buffer:PBS (LiCor Biosciences). Goat anti-mouse IRDye
800CW and goat anti-rabbit IRDye 680CW antibodies (LiCor
Biosciences) were used as secondary antibodies. Transferred
proteins were visualized by using the Odyssey infrared imaging
system (LiCor Biosciences).
Real-time RT-PCR—The expression of MMP-9 and c-Fos

was detected by the SYBR Green-based real-time RT-PCR
technique. RNA was isolated from purified CD11c� DCs and
treated with or without PGE2 for various time periods. cDNA
was prepared, and the 20 �l (total volume) of the PCR mixture
consisted of 4 �l of diluted cDNA, 10 �l of SYBR Green-con-
taining PCR master mixture (2�) and 150 nM of each primer.
The primers for real-time RT-PCR are as follows. MMP-9:
sense, 5�-AAAACCTCC-AACCTCACGGA-3� and antisense,
5�-GCGGT-ACAAGTATGCCTCTGC-3�. c-Fos: sense, 5�-
AGCCCAGACCTGCAGTGGCT-3� and antisense, 5�-GCGC-

TCTGCCTCCTGACACG-3�. Real-Time RT-PCR was per-
formed using the Stratagene Mx3005P, and the cycling condi-
tions used were 95 °C for 30 s, 55 °C for 1min, 72 °C for 30 s, for
40 cycles, followed by a melting point determination or disso-
ciation curves. The expression level of each gene is indicated by
the cycle numbers needed for the cDNA to be amplified to
reach a threshold. The amount of DNA is calculated from the
cycle numbers by using standard curves, and the results are
normalized to the housekeeping gene �-actin from the same
sample.
Cytokine ELISA—Purified CD11c� DCs (1 � 106 cells/ml)

were seeded in 12-well plates and treated as described under
“Results.” The amounts of pro-MMP-9 released in the medium
were measured by sandwich ELISA with antibodies obtained
from R&D Systems (Minneapolis, MN). The absorbance was
determined using a Polarstar Optima plate reader at a wave-
length of 450 nm.
Nuclear Extracts and EMSA—Purified CD11c� DCs were

cultured at a concentration of 1 � 106 cells/ml and stimulated
with PGE2 10�6 M for 1 h. Nuclear extracts were prepared by
using the NucBuster protein extraction kit (Novagen, Inc.,
Madison, WI) as recommended by the manufacturer. Double-
stranded oligonucleotides binding to target transcriptional fac-
tors were end-labeled with [�-32P]ATP using T4 polynucle-
otide kinase (Promega, Madison, WI). The radiolabeled AP-1
probe (10,000 cpm, 5�-CTTGATGAGTCAGC-CGGAA-3�)
was incubatedwith 10�g of nuclear extracts for 20min at room
temperature in 10 �l of total volume of binding solution con-
taining 20mMHEPES (pH7.8), 0.1mMEDTA, 1mMdithiothre-
itol, 0.1 mM phenylmethylsulfonyl fluoride, 10% glycerol, and 1
�g of poly dI-dC.
Protein/DNA Array—Protein/DNA arrays were used to simul-

taneously screen a large number of transcription factors for DNA
binding activity. Nuclear extracts were prepared, and the protein/
DNA arrays were carried out with the TranSignalTM Protein/
DNA Array I (Panomics, Redwood City, CA) according to the
manufacturer’s instructions.
ChIP Assay—Following various treatments, DCs were fixed

with 1% formaldehyde (final concentration) for 30 min, fol-
lowed by 125mM glycine (final concentration) for 10min. Cells
were washed twice with ice-cold phosphate-buffered saline
containing protease inhibitors, collected, resuspended in SDS
lysis buffer containing protease inhibitors, incubated for 30min
on ice, and sonicated to shear DNA. After sonication, the
lysates were centrifuged at 13,000 rpm for 15 min at 4 °C, and
the supernatants were diluted in ChIP dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH
8.1), 167 mM NaCl, plus protease inhibitors). The chromatin
was immunoprecipitated with anti-c-Fos, anti-c-Jun, or anti-
GST as a negative control (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). After overnight incubation at 4 °C, protein
A/G-agarose was added for 1 h, and the immune complexes
were washed sequentially with low-salt wash buffer once (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1),
and 150 mM NaCl), high-salt wash buffer once (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), and 500
mMNaCl), LiCl wash buffer once (0.25 M LiCl, 1% octyl phenyl-
polyethylene glycol, 1% deoxycholic acid, 1 mM EDTA, and 10
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mM Tris-HCl (pH 8.1)), and Tris/EDTA buffer twice (10 mM

Tris-HCl and 1 mM EDTA (pH 8.0)). Antibodies were eluted
from the immune complexes with elution buffer (1% SDS, 10
mM EDTA, 50 mM Tris-HCl (pH 8.0)) and cross-linking was
reversed by heating at 65 °C overnight. After Proteinase K
digestion, input DNA and precipitated DNA were purified and
real-time PCR-amplified with primers encompassing the
MMP-9 promoter region containing AP-1 sites (sense, GACC-
CTGGGAA-CCGGGTCCA and antisense, CAGGGAC-
CGGCCG-TGGAAAC).
Statistical Analysis—Results are given as mean � S.E. Com-

parisons betweenmultiple groupswere done by analysis of vari-
ance. Statistical significance was determined as p values less
than 0.05.

RESULTS

Involvement of EP2/EP4 and cAMP inPGE2-inducedMMP-9
Production—We have shown previously that PGE2 is a potent
MMP-9 inducer in immature and TNF-��IFN-�-matured
bone marrow-derived DCs (3). In this study, we dissected the
signaling pathways involved in PGE2-induced MMP-9. Imma-
ture CD11c� bonemarrow-derived DCs were treated with dif-
ferent concentrations of PGE2, and supernatants were tested
for MMP-9 by ELISA. The results show that PGE2 induced
MMP-9 production in a dose-dependent manner (Fig. 1A). To
identify the specific EP receptors involved in MMP-9 up-regu-
lation, DCs were treated with receptor agonists, i.e. butaprost
(EP2), CAY10580 (EP4), and sulprostone (EP1/EP3). Butaprost
and CAY10580 induced MMP-9 production in a dose-depen-
dent manner, whereas sulprostone had no effect (Fig. 1B). This
indicates that EP2 and EP4 mediate the effect of PGE2 on
MMP-9 expression.
Amajor effect of EP2/EP4 ligand binding is the stimulation of

adenylate cyclase, resulting in an increase in intracellular
cAMP. To assess whether MMP-9 expression is mediated
through cAMP induction, we used dbcAMP, a stable cAMP
analog. Similar to PGE2 and to the EP2/EP4 agonists, dbcAMP
up-regulated MMP-9 production in a dose-dependent manner
(Fig. 1C).
PGE2 Increases Nuclear AP-1—The MMP-9 promoter con-

tains functional AP-1, Sp-1, and NF-�B binding sites (14–16).
To investigate whether PGE2 activates these transcription fac-
tors, nuclear extracts from untreated and PGE2-treated DCs
were subjected to protein/DNA arrays that detect and quantify
transcription factors through interaction with specific nucleo-
tides. PGE2 significantly increased nuclear AP-1 (Fig. 2). The
level of nuclear NF-�B was not increased by PGE2 treatment.
No significant SP-1 levels were observed in either untreated or
PGE2-treated DCs (Fig. 2). These results suggest that PGE2-
induced MMP-9 expression might be mediated primarily
through AP-1 activation.
Both PKA and PI3K Pathways Are Involved in PGE2-induced

MMP-9 Production—cAMP activates both PKA- and EPAC-
dependent signal pathways (17). Treatment of DCs with the
PKA inhibitor H89 resulted in a significant reduction of PGE2-,
butaprost-, CAY10580- and dbcAMP-induced MMP-9 pro-
duction (Fig. 3,A, E, andG). In contrast, treatment of DCs with
the EPAC activator 8-CPT-2�-O-Me-cAMP did not lead to

MMP-9 induction (Fig. 3B). These results support the role of
PKA in the induction of MMP-9 by PGE2.
EP2 and especially EP4 can also activate PI3K (18, 19). To

examine the role of PI3K in PGE2-inducedMMP-9 production,
DCswere pretreatedwith the PI3K inhibitor LY294002. Similar
to H89, LY294002 significantly reduced MMP-9 induction by
PGE2, butaprost, CAY10580 or dbcAMP (Fig. 3,C, E, F, andG).
The involvement of both PKA and PI3K in the MMP-9 induc-
tion by PGE2 is supported by the fact that although lower
concentrations (10 �M) of H89 and LY294002 were only
partially inhibitory when used separately, the combined

FIGURE 1. PGE2 induction of MMP-9 is mediated through EP2/EP4 and
cAMP. CD11c� DCs (1 � 106 cells/ml) were treated with different concentra-
tions of PGE2 (10�6-10�10

M) (A), butaprost (an EP2 agonist, 10�5-10�7
M),

CAY10580 (an EP4 agonist, 10�5-10�7
M), and sulprostone (an EP1/EP3 ago-

nist, 10�5
M) (B), or dbcAMP (10�4-10�7

M) (C) for 24 h followed by MMP-9
ELISA. MED, medium only. *, p � 0.01 compared with MED. Data are repre-
sentative of three independent experiments.
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FIGURE 2. Effects of PGE2 on the binding of nuclear transcription factors in DCs. CD11c� DCs were treated with PGE2 10�6
M for 1 h. Nuclear extracts from

untreated DCs (A) and PGE2-treated DCs (B) were prepared and subjected to protein/DNA arrays. C, the amounts of AP-1, SP-1, and NF-�B were normalized to
controls on each membrane, and the normalized values for AP-1, SP-1, and NF-�B obtained for PGE2-treated DC were compared with the normalized values for
the medium control. Results are representative of two independent experiments.

FIGURE 3. Inhibition of PKA and/or PI3K prevents PGE2- or cAMP-induced MMP-9. CD11c� DCs were pretreated with different concentrations of H89 (A),
LY294002 (C), or H89�LY294002 (D) for 30 min, followed by 10�7

M PGE2 for 24 h. B, DCs were treated with 8-CPT-2�-O-Me-cAMP (200 and 100 �M) or 10�7
M

PGE2 for 24 h. E and F, cells were pretreated with 20 �M H89, 20 �M LY294002, or 10 �M H89 and 10 �M LY294002 for 30 min followed by 10 �M butaprost
(E) or 10 �M CAY10580 (F) for 24 h. G, cells were pretreated with different concentrations of H89, LY294002, or H89 and LY294002 for 30 min, followed by 10�4

M

dbcAMP for 24 h. The supernatants were collected and subjected to MMP-9 ELISA. *, p � 0.01 compared with PGE2, butaprost, CAY10580, or dbcAMP without
inhibitors. Data are representative of three independent experiments.
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H89�LY294002 treatment resulted in complete inhibition
(Fig. 3, A, C, and D). The same results were obtained for
dbcAMP suggesting that, similar to PGE2, the effect of cAMP
onMMP-9 expression ismediated through both PKA and PI3K
(Fig. 3G). DC viability was not affected by the presence of the
highest concentrations of inhibitors (� 90% propidium
iodide-negative).
Inhibition of ERK but Not p38MAPK Signaling Abolished

PGE2-induced MMP-9 Production—Treatment of DCs with
PGE2 induced ERK phosphorylation with a maximum effect

between 15 and 30 min (Fig. 4A). To examine the role of
PGE2-induced ERK activation in MMP-9 mRNA expression
and protein production, DCs were pretreated with the
MEK1/2 inhibitor, U0126, for 30 min, followed by PGE2
treatment for 24 h. U0126 abolished PGE2-induced MMP-9
mRNA expression and protein production (Fig. 4B). Similar
results were obtained for butaprost-, CAY10580-, and
dbcAMP-induced MMP-9 production (Fig. 4, C and D). In
contrast, inhibition of p38MAPK had no effect on PGE2-
induced MMP-9 up-regulation (Fig. 4E). These results sug-

FIGURE 4. Inhibition of ERK, but not p38MAPK signaling, abolished PGE2-induced MMP-9 production. A, DCs were treated with 10�7
M PGE2. At different

time points, DCs were fixed, permeabilized, and analyzed by intracellular staining with phospho-ERK antibody. B–D, DCs were pretreated with 10 �M U0126 for
30 min, followed by 10�7

M PGE2 (B), 10�5
M butaprost or 10�5

M CAY10580 (C), or 10�4
M dbcAMP (D) for 24 h. MMP-9 mRNA expression was analyzed by

real-time RT-PCR (B, top panel), and MMP-9 secretion was measured by ELISA (B, bottom panel, C, and D). E, cells were pretreated with different concentrations
of SB203580 for 30 min followed by 10�7

M PGE2 for 24 h. The supernatants were collected for MMP-9 ELISA. *, p � 0.01 compared with PGE2, butaprost,
CAY10580, or dbcAMP without inhibitors. Data are representative of three independent experiments.
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gest that ERK, but not p38MAPK, is involved in PGE2-in-
duced MMP-9 production.
Inhibition of PKA or PI3K Blocked PGE2- or cAMP-induced

ERK Activation—To determine whether ERK activation was
mediated through PKA or PI3K signaling, DCs were treated
with PGE2 or dbcAMP in the presence ofH89 or LY294002 and
then assessed for ERK phosphorylation by FACS. BothH89 and
LY294002 dose-dependently inhibited PGE2-induced ERK
phosphorylation (Fig. 5, A and B).
The two inhibitors also blocked dbcAMP-induced ERK acti-

vation (Fig. 5C). H89 and LY294002 and U0126 (ERK inhibitor
used as control) blocked ERK phosphorylation without affect-
ing the levels of total ERK in DCs treated with PGE2 (Fig. 5D).
Similar results were observed inWestern blot analysis (Fig. 5E).
Taken together, these results indicate that PGE2-induced ERK
phosphorylation is mediated through both PKA and PI3K
activation.
PGE2 Induces ERK-dependent c-Fos Expression and ERK-in-

dependent c-Jun Activation—ERK has been shown to induce
the activation of the AP-1 family of transcription factors,
including c-Fos and c-Jun (20, 21). In terms of c-Fos, activation
of ERK has been linked to the up-regulation of c-Fos mRNA
expression. To determine the effect of PGE2 on c-Fos expres-

sion, we treated DCs with PGE2 and measured c-Fos mRNA
and protein expression at different time points. c-Fos mRNA
expression was significantly induced 20 min after PGE2 treat-
ment (Fig. 6A). In addition, c-Fos protein expression reached a
peak at 40 min and decreased to basal levels 2 h after PGE2
treatment (Fig. 6B). To determine whether PGE2-induced ERK
activation is required for c-Fos expression,DCswere pretreated
with U0126 followed by PGE2 stimulation. In the presence of
U0126, PGE2 did not induce c-Fos expression (Fig. 6C).
Because the PKA/PI3K pathways are required for ERK activa-
tion (Fig. 5, A and B), we investigated their role in PGE2-in-
duced c-Fos expression. H89 and LY294002 abolished PGE2-
induced c-Fos expression, suggesting the involvement of both
PKA and PI3K (Fig. 6C).
InDCs treatedwith PGE2, c-Jun phosphorylationwas appar-

ent at 10 min, reaching a maximum at 20 min (Fig. 6D). PGE2-
induced c-Jun phosphorylation was prevented by the JNK
inhibitor II (Fig. 6E) but not by U0126, H89, LY294002, or
H89�LY294002 as determined by both flow cytometry and
Western blot analysis (Fig. 6, F and G). This indicates that the
effect of PGE2 on c-Jun is mediated through JNK but does not
depend on PKA/PI3K signaling. Similar levels of phosphory-
lated c-Jun were observed in DCs treated with PGE2, EP2, and

FIGURE 5. Inhibition of PKA or PI3K pathway blocked PGE2- or cAMP-induced ERK activation. DCs were pretreated with H89, LY294002, or U0126 for 30
min, followed by 10�7

M PGE2 (A and B) or 10�4
M dbcAMP (C). After 20 min, DCs were fixed, permeabilized, and analyzed by intracellular staining with

phospho-ERK antibody. D and E, DCs pretreated with U0126 or H89 plus LY294002 for 30 min followed by 10�7
M PGE2 for 20 min were subjected to flow

cytometry (D) or Western blot analysis (E) for phospho-ERK and ERK expression. Data are representative of three independent experiments.
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EP4 ligands, and the JNK inhibitor II preventedc-Junphosphor-
ylation by all three agents (supplemental Fig. 1). In addition,
dbcAMP also induced c-Jun phosphorylation which was signif-

icantly reduced by the JNK inhibitor II (Fig. 6E). To further
assess the role of c-Jun activation in PGE2-induced MMP-9
production,DCswere pretreatedwith JNK inhibitor II followed

FIGURE 6. PGE2 induces ERK-dependent c-Fos expression and ERK-independent c-Jun activation. DCs were treated with PGE2 10�7
M and analyzed for

c-Fos mRNA expression by real-time RT-PCR (A) or intracellular c-Fos protein expression at different time points (B). C, DCs were pretreated with U0126, H89,
LY294002, or H89 plus LY294002 for 30 min followed by PGE2 10�7

M for 40 min. Cells were fixed, permeabilized, and analyzed by intracellular staining with
c-Fos antibody. D, intracellular phospho-c-Jun expression was measured at different time points after PGE2 10�7

M stimulation. E–G, DCs were pretreated with
10 �M JNK inhibitor II, 20 �M H89, 20 �M LY294002, or 10 �M H89 plus 10 �M LY294002 for 30 min, followed by 10�7

M PGE2 or 10�4
M dbcAMP for 20 min.

Phosphorylation of c-Jun was analyzed by FACS (E and F) or Western blot analysis (G). H, DCs were pretreated with different concentrations of JNK inhibitor II
or with 10 �M U0126 as control for 30 min followed by 10�7

M PGE2 for 24 h. Supernatants were subjected to MMP-9 ELISA. Data are representative of three
independent experiments. *, p � 0.01 compared with medium only (MED) (A) or with PGE2 without inhibitors (C and H).
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by PGE2. PGE2-induced MMP-9 production was inhibited in
the presence of the JNK inhibitor (Fig. 6H). Altogether, these
results suggest that PGE2 induces c-Fos expression through the
PGE23 PKA/PI3K3 ERK axis, whereas PGE2-induced c-Jun
phosphorylation is mediated by JNK, independent of PKA/
PI3K signaling and ERK activation.
AP-1 Binding to the MMP-9 Promoter—The minimal

MMP-9 promoter region contains two AP-1 binding sites (14,
22). To investigate whether treatment with PGE2 affects the
DNA binding activity of AP-1, nuclear extracts from untreated
and PGE2-treated DCs were subjected to EMSA. In agreement
with the protein/DNA binding arrays (Fig. 2), PGE2 induced a
significant increase in AP-1 binding (Fig. 7A). To assess the in
vivo interaction of AP-1 with the MMP-9 promoter, we per-
formed ChIP assays. Cell lysates from untreated or PGE2-
treated DCs in the presence or absence of U0126 or JNK inhib-
itor II were immunoprecipitatedwith anti-c-Fos antibody, anti-
c-Jun antibody, or anti-GST as a negative control, followed by
real-time PCR amplification using primers encompassing the
AP-1 sites in the murine MMP-9 promoter. The binding of
both c-Fos and c-Jun to the MMP-9 promoter was increased
significantly in DCs treated with PGE2, and the PGE2-induced
binding was significantly reduced in the presence of U0126 or
JNK inhibitor II (Fig. 7,B andC), suggesting that PGE2-induced
ERK and JNK activation are required for the generation and

binding of c-Fos/c-Jun heterodimers to the AP-1 site in the
MMP-9 promoter.
BlockingNF-�BActivation Partially Inhibited PGE2-induced

MMP-9 Production and Had No Effect on PGE2-induced ERK
Phosphorylation—We have reported previously that PGE2
does not have a substantial effect on NF-�B activation (23). In
agreement with our previous observation, inhibition of NF-�B
using JSH-32 reduced only partially PGE2-induced MMP-9
production (Fig. 8A). Also, JSH-32 did not affect PGE2-induced
ERK activation (Fig. 8B). These results suggest that AP-1 is the
major transcription factor promoting MMP-9 expressing by
PGE2.

DISCUSSION

MMPs serve broad functions in immune defense, tissue
repair and inflammation (24, 25). By promoting ECM turnover,
the degradation of basementmembranes, and increasing endo-
thelial permeability, MMP-2 and MMP-9 play a major role in
immune cell migration. DC transmigration into central and
peripheral inflammatory sites andmigration to draining lymph
nodes for antigen presentation and activation of T cells was
shown to require MMP-9 (1–3, 26, 27). Depending on the cell
type,MMP-9 gene expression is induced following LPS or PMA
stimulation, treatment with cytokines such as TNF-� and
TGF�, or with oxidized low-density lipoproteins (28–31). In

FIGURE 7. AP-1 binding to the MMP-9 promoter. A, CD11c� DCs were treated with 10�6
M PGE2 for 1 h. Nuclear extracts were subjected to EMSA analysis with

DNA probes containing the AP-1 consensus motifs. B and C, DCs were pretreated with U0126 10 �M or JNK inhibitor II 10 �M for 30 min followed by PGE2 10�7

M for 1 h. Cells were fixed, sonicated, and subjected to ChIP analysis using antibodies to c-Fos (B), c-Jun (C), or GST as a negative control. Precipitated DNA was
isolated and evaluated by real-time PCR using the primers mentioned under “Materials and Methods.” #, p � 0.05 compared with PGE2. Data are representative
of two independent experiments in A and C and three experiments in B. D, model for the signaling pathways that mediate PGE2 induction of MMP-9 in DCs.
MED, medium only.
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addition, a direct correlation between induction of PGE2 and
MMP-9 was reported in a number of cell types, including
monocytes (32, 33). Exogenous and endogenous PGE2 was also
shown to play a role in MMP-9 expression in macrophages
stimulated with PMA, LPS, or exposed to ECM (10, 13).
We showed previously that exogenous PGE2 induced

MMP-9 expression in immature DCs, up-regulated MMP-9 in
DCs treated with TNF-� and IFN-�, and that PGE2-induced
MMP-9 was essential for in vitro migration of DCs through
Matrigel and for the in vivomigration of DCs in wild-type and
MMP-9-deficient hosts (3). However, the molecular mecha-
nisms by which PGE2 induces MMP-9 expression in DCs are
not elucidated. Here we report that PGE2-induced MMP-9
expression in DCs is mediated primarily through the activation
of AP-1 and involves c-Fos induction through PKA/PI3K sig-
naling and subsequent ERK activation and through the PKA/
PI3K-independent activation of JNK, leading to phosphoryla-
tion of c-Jun.
The biological activity of PGE2 is mediated through four

types of G protein-coupled receptors, i.e. EP1 through EP4,
which differ in terms of tissue distribution and signaling path-
ways (19, 34). In agreement with our previous observation that
bone marrow-derived DCs express high levels of EP2 and EP4
(35), this study indicates that EP2 and EP4 mediate PGE2-in-
duced MMP-9 expression in DCs. EP2 and EP4 were shown to
associate with G�s and activate adenylate cyclase, leading to
increases in intracellular cAMP (19, 34). As expected, the
effects of PGE2weremimicked byEP2 andEP4 agonists and the
stable cAMP analog dbcAMP.

cAMP signaling involves two major intracellular mediators,
i.e. the classical PKA and the more recently discovered EPAC,
whichmay act in an independent, synergistic, or opposingman-
ner (17).We showed previously that the PGE2 effect on TNF-�
production in DCs was mediated by PKA, whereas effects on
CCL3/4weremediated through EPAC (35, 36). This study indi-
cates that PKA, not EPAC, mediates the induction of MMP-9
by PGE2.
In addition to adenylate cyclase, EP4 receptors were reported

to also activate PI3K, presumably through coupling to G�i (37).
Although initial experiments using EP2 overexpressing cells
did not show PI3K activation (37), recent reports indicate that
EP2 can signal through PI3K in certain cell types (18, 38). This
study suggests that both PKA and PI3K are involved in the
induction of MMP-9 in DCs following treatment with PGE2,
EP2, and EP4 agonists. A similar involvement of both kinases
was reported for PGE2 signaling through EP2 in C6 rat brain
cells in ischemic preconditioning (18). In our system, the acti-
vation of the two kinases appears to be downstream of cAMP
because MMP-9 induction by dbcAMP was blocked by both
H89 and LY294002. Similar effects of cAMP on PKA and PI3K
activation were reported previously (39–42). At this point we
cannot rule out the possibility that PI3K activationmight occur
through PKA, as reported previously in human carcinoma cells
treated with PGE2 (40).
The involvement of ERK activation inMMP-9 induction has

been reported in monocytes/macrophages, keratinocytes, and
various tumor cell lines (13, 28, 43–45). Herewe show that ERK
phosphorylation in DCs was induced as early as 15 min after
PGE2 treatment, and wasmaintained for at least 90min. Treat-
ment withU0126 abolished PGE2-inducedMMP-9mRNAand
protein expression. Similar results were obtained when DCs
were treatedwith EP2/EP4 agonists or dbcAMP in the presence
of U0126. In contrast to studies that reported the involvement
of p38MAPK inMMP-9 induction inmacrophages (46), we did
not observeMMP-9 reduction in DCs treated with PGE2 in the
presence of SB203580. The slight but statistically significant
increase in MMP-9 production in the presence of p38MPAK
inhibitor might be actually be due to enhanced ERK activity.
The induction of MMP-9 by PGE2 requires activation of

PKA, PI3K, and ERK because PGE2-induced MMP-9 produc-
tion is prevented in the presence of inhibitors for these three
proteins. To establish the hierarchy of the signaling pathway,
we treated DCs with PGE2 or dbcAMP in the presence of PKA
or PI3K inhibitors and measured ERK activation. In these con-
ditions, PGE2- or dbcAMP-induced ERK phosphorylation was
prevented, suggesting that PGE2/cAMP activates PKA/PI3K to
stimulate ERK phosphorylation. Although we did not investi-
gate the molecular mechanisms of PKA/PI3K-induced ERK
activation, several studies reported that PKA and PI3K activate
the Raf/Rap1 signaling pathway, resulting inMEK1/2 phospho-
rylation and ERK activation (47, 48).
Optimal expression of MMP-9 depends on a promoter

region containing binding sites for AP-1, Sp-1, NF-�B, and Ets
(14–16). In macrophages stimulated with PMA or TNF-�,
AP-1 was shown to be essential but required NF-�B or Sp-1 for
optimal MMP-9 expression (16). Our protein/DNA array for
transcription factors indicated that PGE2 induced a significant

FIGURE 8. NF-�B contributes to the induction of MMP-9 by PGE2 without
affecting PGE2-induced ERK activation. A, DCs were pretreated with differ-
ent concentrations of JSH-32 for 30 min and treated with 10�7

M PGE2 for 24 h.
The supernatants were collected and subjected to the MMP-9 ELISA. B, DCs
were pretreated with 10 �M JSH-32 for 30 min followed by 10�7

M PGE2 stim-
ulation. After 20 min, DCs were fixed, permeabilized, and analyzed by intra-
cellular staining with phospho-ERK antibody. *, p � 0.01 compared with
PGE2. Data are representative of three independent experiments.
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increase inAP-1without affecting the basal levels ofNF-�B and
without inducing detectable levels of Sp-1. As a result we
focused on the effect of PGE2 on AP-1 activation in DCs as
related to MMP-9 induction.
AP-1 complexes are c-Jun/c-Fos heterodimers that bind to

the consensus DNA sequence 5�TGAG/CTCA-3� as dimers.
We found that PGE2 up-regulates c-Fos at both mRNA and
protein levels and that ERK activation is required for the
up-regulation of c-Fos expression. As expected, PGE2-in-
duced c-Fos up-regulation was inhibited by PKA, PI3K, and
ERK inhibitors. This indicates that the effect of PGE2 on
c-Fos is mediated through PKA, PI3K, and ERK activation.
Activation of c-Jun is also required for functional AP-1 com-

plexes. PGE2 as well as EP2 and EP4 ligands induced c-Jun
phosphorylation through JNK activation. Although dependent
on cAMP, c-Junphosphorylationwas notmediated through the
PKA/PI3K3 ERK pathway. A potential candidate is the home-
odomain-interacting protein kinase 3 (HIPK3) shown to be
involved in cAMP-induced stimulation of JNK in the adrenal
gland (49).
By using ChIP assays we confirmed that the in vivo PGE2-

induced AP-1 binding to the MMP-9 promoter in DCs was
dependent on ERK and c-Jun activation. In addition to AP-1,
NF-�B activation plays an important role in MMP-9 up-regu-
lation. We confirmed the role of NF-�B by using the JSH-32
inhibitor. Although PGE2-induced ERK phosphorylation was
not affected, JSH-32 partially inhibitedMMP-9 production.We
concluded that PGE2-induced expression of MMP-9 in DCs
requires both AP-1 andNF-�B, with AP-1 as the essential tran-
scription factor.
In conclusion, this study shows for the first time that PGE2

induces MMP-9 expression in DCs through signaling path-
ways initiated by EP2 and EP4 receptors, which in turn acti-
vate downstream sequences consisting on one hand of
cAMP-mediated activation of PKA and PI3K, activation of
ERK and induction of c-Fos expression and on the other
hand of JNK-mediated, PKA/PI3K-independent phospho-
rylation of c-Jun (Fig. 7D). Our results indicate that although
NF-�B is required for PGE2-induced MMP-9 expression in
DCs, AP-1 represents the major transcription factor acti-
vated by PGE2.
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