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Macrophage activation by bacterial lipopoly-
saccharide (LPS) promotes the secretion of pro-
inflammatory cytokines, such as tumor necrosis
factor-o. (TNF-o) and interleukin-1§ (IL-1B), and of
secondary mediators, such as leukotrienes and prosta-
glandins (PGs). Mice lacking the gene encoding the
serine/threonine protein kinase Tpl2/Cot produce low
levels of TNF-o in response to LPS because of an
ERK-dependent post-transcriptional defect, and they
are resistant to LPS/D-galactosamine-induced endo-
toxin shock. In this study we demonstrate that
prostaglandin E2 and its regulatory enzyme, COX-2,
are also targets of Tpl2-transduced LPS signals in
bone marrow-derived mouse macrophages. Thus,
LPS-stimulated Tpl2”~ macrophages express low
levels of COX-2 and PGE2, compared with wild-type
Tpl2++ cells. The ability of Tpl2 to regulate COX-2
expression depends on ERK signals that activate
p90Rsk and Mskl, which in turn phosphorylate
CREB, a key regulator of COX-2 transcription. These
data identify physiological targets of Tpl2 signaling
downstream of ERK and further implicate Tpl2 in the
pathophysiology of inflammation.
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Introduction

Macrophages play a central role in inflammation and the
regulation of the immune response. Lipopolysaccharide
(LPS), a component of the cell wall of Gram-negative
bacteria, activates macrophages to produce pro-inflamma-
tory cytokines, such as tumor necrosis factor-o. (TNF-ot)
and interleukin-1p (IL-1p), and secondary mediators, such
as leukotrienes and prostaglandins (PGs). These sub-
stances are important regulators of both innate and
adaptive immunity. However, their uncontrolled expres-
sion can cause acute or chronic inflammatory syndromes.
An acute inflammatory syndrome induced by these
mediators is the septic shock syndrome, which is
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characterized by fever, hypotension, disseminated intra-
vascular coagulation and multiple organ failure (Parillo,
1993). Prostaglandin E2 (PGE2), a mediator of this
syndrome, is produced by macrophages and contributes
to vasodilation, pain and fever (Astiz et al., 1996). The
contribution of PGs to this syndrome is underscored by the
observation that PGE2 levels are increased in patients with
septic shock, and that knock-out (KO) mice defective in
PG induction do not develop fever in response to
pyrogenic doses of bacterial endotoxin (Li et al., 1999).

The rate-limiting step in PG synthesis is catalyzed by
cyclooxygenase (COX), an enzyme that exists in two
isoforms encoded by two distinct genes. COX-1 is
constitutively expressed in most cell types and plays a
role in gastrointestinal and reproductive function
(Herschman, 1996). In contrast, COX-2 is expressed at
very low levels and is strongly induced by growth factors
and pro-inflammatory stimuli, including LPS, as well as by
several activated oncogenes (Sheng et al., 1998; Barrios-
Rodiles ez al., 1999; Caivano and Cohen, 2000; Eliopoulos
et al., 2002). The significance of COX-2 in prostaglandin
synthesis and inflammation is highlighted by the observa-
tion that COX-2 inhibitors block the synthesis of PGE2
and, as a result, they inhibit inflammation and confer
analgesia (Meade et al., 1993). Moreover, homozygous
deletion of the COX-2 gene in mice leads to alleviation of
hepatocellular toxicity caused by LPS administration,
suggesting an important physiological role for this enzyme
in LPS-induced pathology (Dinchuk et al., 1995). COX-2
expression is regulated at both the transcriptional and the
post-transcriptional level. The transcriptional activation of
COX-2 is mediated by the binding of the inducible
transcription factors NF-xB, NFAT, CREB and ¢/EBPp to
cis-acting regulatory elements in the COX-2 promoter
(Caivano and Cohen, 2000; Wadleigh et al., 2000; Chen
et al., 2001; de Gregorio et al., 2001). The specific factors
involved in COX-2 activation depend on both the cell type
and the stimulus. Thus, NF-xB contributes to COX-2
induction in some, but not all, cell types. Although LPS
engages NF-xB, the contribution of NF-xB to COX-2
transactivation in mouse macrophages stimulated with
LPS is dispensable (Wadleigh et al., 2000). The factors
required for both basal transcription and the induction of
COX-2 in this cell type instead appear to be CREB and
¢/EBPP (Wadleigh et al., 2000).

The serine/threonine protein kinase Tpl2, also known as
Cot, was identified as a target for provirus integration in
MoMuLV-induced rat T-cell lymphomas and MMTV-
induced mammary carcinomas (Patriotis et al., 1993; Erny
et al., 1996). When overexpressed in a variety of cell
types, Tpl2 activates ERK, JNK, p38MAPK and the
transcription factors NFAT and NF-kB (Ceci et al.,
1997; Tsatsanis et al., 1998a,b and references therein).
Transgenic mice expressing Tpl2 under the control of a
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Fig. 1. LPS-treated Tpl27~ macrophages secrete reduced levels of
PGE2. Culture supernatants were collected at 0, 3, 4.5, 6 or 10 h fol-
lowing LPS stimulation. Unstimulated Tpl2+* and Tpl2”~ macrophage
cultures secreted similar levels of PGE2. PGE2 levels produced by
unstimulated cells were given the arbitrary value of 1. The bar graphs
show the fold induction of PGE2 (* SD) compared with control
untreated cultures.

T-cell-specific promoter develop T-cell lymphoblastic
lymphomas at an early age (Ceci et al., 1997). Recent
studies on cells derived from Tpl2~~ mice showed that the
Tpl2 kinase plays a key physiological role in LPS
signaling. LPS activates all the signaling pathways that
are also activated by Tpl2. However, in LPS-stimulated
cells, Tpl2 is required only for the activation of ERK.
Because of this signaling defect, LPS-stimulated macro-
phages from Tpl2~~ mice are defective in the transport of
the TNF-oo mRNA from the nucleus to the cytoplasm, and
they are impaired in the induction of TNF-o by LPS. As a
result, Tpl2~7~ mice are resistant to LPS/D-galactosamine-
induced endotoxin shock (Dumitru et al., 2000).

In this study we have extended our observations on the
involvement of Tpl2 in inflammation and endotoxin shock
with the demonstration that Tpl2 also affects LPS-induced
prostaglandin synthesis. We report that LPS-stimulated
Tpl27~ macrophages exhibit reduced induction of both
PGE2 and its regulatory enzyme COX-2, and that the
defect in COX-2 induction is, at least in part, transcrip-
tional. The ability of Tpl2 to regulate the LPS-mediated
transcriptional induction of COX-2 was found to depend
on ERK signals leading to the phosphorylation of CREB
via the intermediate kinases p90Rsk and Msk1. These data
further implicate Tpl2 in the pathophysiology of inflam-
mation and the endotoxin shock syndrome, and suggest
that Tpl2 may provide an excellent pharmacological target
against these conditions.

Results

Reduced induction of COX-2 and PGE2 in
LPS-treated Tpl2~- macrophages

PGE2 is induced by LPS in bone marrow-derived
macrophages (Reddy and Herschman, 1994). To deter-
mine whether PGE2 induction by LPS depends on Tpl2,
we measured PGE2 secretion in supernatants of Tpl2*++*
and Tpl2”- macrophage cultures harvested before and 3,
4.5, 6 and 10 h after stimulation with LPS. The results
(Figure 1) showed that Tpl2~~ macrophages are defective
in PGE2 induction by LPS. To determine whether this
defect resulted from the inability of LPS to induce ERK
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Fig. 2. Tpl2 is required for optimal induction of COX-2 in LPS-stimu-
lated macrophages. (A) Western blot of cell lysates of unstimulated and
LPS-stimulated macrophages probed with antibodies against COX-2
(upper panel) or ERK (lower panel). (B) A western blot of lysates of
RAW264.7 cells, treated as indicated, was probed with antibodies that
recognize phosphorylated ERK (upper panel), total ERK (middle panel)
or COX-2 (lower panel).

activation in Tpl2~/~ cells, we also measured PGE2 levels
in supernatants of LPS-stimulated Tpl2** macrophage
cultures pretreated with the MEK inhibitor PD98059.
These experiments verified that ERK activation by Tpl2-
transduced signals is required for PGE2 induction by LPS.

PGE2 synthesis is regulated by COX-2, an enzyme
induced by LPS (Caivano and Cohen, 2000; Wadleigh
et al., 2000). To determine whether Tpl2 controls the
induction of COX-2 by LPS, we measured COX-2
expression in lysates of Tpl2*+ and Tpl2~~ macrophages
harvested at various time points after LPS stimulation. The
results showed that COX-2 induction is significantly lower
in Tpl2~~ macrophages. Pretreatment of Tpl2** macro-
phages with the MEK inhibitor PD98059 also blocked the
upregulation of COX-2 by LPS (Figure 2A), suggesting
that the impairment of COX-2 induction in Tpl27
macrophages results from the failure of LPS to activate
ERK.

Overexpressed Tpl2 exhibits constitutive kinase activity
and activates ERK in a variety of cell types (Ceci et al.,
1997). This observation allowed us to ask whether the
Tpl2 activity is sufficient for COX-2 induction. To this
end, we probed lysates of RAW?264.7 cells engineered to
stably overexpress Tpl2 with antibodies to phosphorylated
ERK and total ERK and COX-2. The results confirmed
that overexpressed Tpl2 constitutively activates ERK and
induces COX-2 expression. A 12 h pretreatment with the
MEK inhibitor PD98059 confirmed that ERK activation
by Tpl2 is MEK dependent (Figure 2B).

Tpl2 regulates COX-2 transcription and promotes
stabilization of the COX-2 mRNA

To determine how Tpl2 regulates the expression of COX-2
in LPS-stimulated primary macrophages, we used quan-
titative RT-PCR to measure the levels of COX-2 RNA in
Tpl2++, Tpl2~~ and PD98059-pretreated Tpl2** macro-
phages, harvested before and 1 h after stimulation with
LPS. The results (Figure 3A) showed that the induction of
COX-2 RNA by LPS was significantly impaired in
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Fig. 3. LPS signals transduced via Tpl2 induce COX-2 transcription and enhance COX-2 mRNA stability. (A) RT-PCR was carried out on RNA
derived from the indicated macrophage cultures, using primers specific for COX-2 or for the housekeeping gene HPRT. (B) COX-2 induction by LPS
is regulated by Tpl2 at the level of transcription. (a) A nuclear run-on assay carried out using nuclei from Tpl2*+ and Tpl2~~ macrophages harvested
before and 2 h after stimulation with LPS. The experiment was repeated three times with similar results. (b) The mean value and SD of 3P incorpor-
ation measured in Phosphorlmager units in one experiment carried out in triplicate. The induction of COX-2 transcription by LPS in Tpl2** cells was
statistically significant (p < 0.03). (C) Activation of the COX-2 promoter by LPS depends on signals transduced via Tpl2. (a) Schematic diagram of
the COX-2 promoter. (b) Activity of a COX-2 promoter (-891 to +7)-luciferase reporter construct in RAW264.7 cells treated as indicated. RLVs were
calculated as described in Materials and methods. Similar results were obtained in three independent experiments. (D) The stability of COX-2 mRNA
is impaired in LPS-stimulated macrophages. COX-2 mRNA stability was measured as described in Materials and methods.

Tpl27- and PD98059-pretreated Tpl2++ macrophages. We
conclude that Tpl2 regulates the induction of COX-2 by
LPS at the RNA level, via an ERK-dependent pathway.

To determine whether Tpl2 regulates COX-2 expression
at the level of transcription, we carried out nuclear run-on
assays (Srivastava et al., 1998) using unstimulated and
LPS-stimulated Tpl2** and Tpl27~ macrophages. Cell
nuclei harvested before and 2 h after stimulation were
incubated with [a-32P]JUTP as described in Materials and
methods. RNA isolated from these nuclei 20 min later was
hybridized to filter-immobilized COX-2 cDNA as well as
to control PB-actin and TNF-ao cDNAs. The results
(Figure 3B) showed that COX-2 transcription was induced
in Tpl2** macrophages, following stimulation with LPS
(p < 0.03). In Tpl2~~ macrophages, we observed that LPS
induced a decrease rather than an increase in the amount of
32P incorporation. TNF-o. transcription was induced simi-
larly in Tpl2** and Tpl27 macrophages. Therefore, the
effects of Tpl2-transduced signals on the transcription of
COX-2 were gene specific.

The transcriptional induction of COX-2 in LPS-stimu-
lated cells was modest, suggesting that Tpl2-transduced
signals may regulate COX-2 both at the level of
transcription and post-transcriptionally. To address this
question we examined the stability and subcellular local-
ization of the COX-2 mRNA in LPS-stimulated Tpl2*++*
and Tpl2~~ macrophages. The results showed that whereas
the subcellular distribution of the message was not
affected by Tpl2 (data not shown), its stability was
(t%h= 4.4 h, 189 = 2.9 h) (Figure 3D). Given that LPS
signals stabilize the COX-2 mRNA in macrophage cell

lines (Barrios-Rodiles et al., 1999; Lasa et al., 2000), these
data suggest that Tpl2 signals not only increase COX-2
transcription but also promote stabilization of its message.

To calculate the ratio of the steady-state concentration
of COX-2 mRNA in LPS-stimulated Tpl2*+ and Tpl2~-
macrophages, we used the formula

t t wt
Cs _ A" lip
KO = \KO ;KO
CSS A t1/2

which is based on a zero-order production, first-order
degradation model of gene expression (Hargrove 1993). In
this formula, Csg is the steady-state concentration of
mRNA, A is the rate of transcription, #,,, is the half-life of
the mRNA and the superscripts refer to the Tpl2 genotype
of the cells. Substituting the experimental values for the
transcription rate of COX-2 and the half-life of its mRNA
in Tpl2+*+ and TpI2~- cells revealed that the differential
stability of the message in the two cell types amplifies the
difference in COX-2 mRNA levels between them. Thus,
whereas the ratio A" is 2.1, the ratio Sss is 3.2.
AKO Cé(so

In this paper, we focus on the role of Tpl2 in the
regulation of COX-2 transcription.

To further explore the role of Tpl2 in the transcriptional
induction of COX-2 by LPS, we used reporter assays
designed to address the ability of Tpl2 to regulate the
activity of the COX-2 promoter. The transfection effi-
ciency of primary macrophages by electroporation,
liposome-mediated DNA  transfer (Lipofectamine;
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Gibco) or non-liposomal approaches (Dosper; Roche) was
very low. This problem, combined with the observation
that Tpl2 induces COX-2 expression in both primary
macrophages and RAW264.7 cells (Figure 2B), prompted
us to utilize the RAW264.7 macrophage cell line for these
experiments. Exponentially growing RAW264.7 cells
were electroporated with a reporter construct containing
the luciferase gene under the control of the COX-2
promoter (Figure 3Ca) and kinase-inactive or wild-type
Tpl2 constructs, as described in Materials and methods.
After 24 h, some of the transfected cultures were
stimulated with LPS for 12-14 h. The results showed
that LPS increased COX-2 promoter activity, whereas the
kinase-inactive Tpl2 construct suppressed this activity in a
concentration-dependent manner (Figure 3Cb). Ectopic
expression of wild-type Tpl-2 activated the COX-2
promoter. Taken together, these data demonstrated the
ability of Tpl2 to control LPS-mediated COX-2 expression
in mouse macrophages at the level of transcription and
confirmed that the effects of Tpl2 on the regulation of
COX-2 can be faithfully reproduced in RAW?264.7 cells.

The promoter of COX-2 contains binding sites for
NFAT, NF-xB, CREB and c/EBPP (Figure 3Ca). A
previously published report used RT-PCR to show that
treatment of Jurkat cells with TPA plus ionomycin
activates NFAT and induces COX-2 expression via a
Tpl-2-dependent process (de Gregorio et al., 2001). Our
data addressing the role of NFAT in the induction of
COX-2 revealed that treatment of T cells with TPA plus
ionomycin or concanavalin A (ConA) induces NFAT
binding activity but does not induce detectable levels of
COX-2. Furthermore, they showed that LPS induces
COX-2 expression in macrophages but does not induce
NFAT binding activity (see Supplementary figure 1
available at The EMBO Journal Online). Taken together,
these data suggest that NFAT does not contribute signifi-
cantly to the physiological regulation of COX-2 expres-
sion. Previous studies had shown that NF-xB is
dispensable for the induction of COX-2 by LPS
(Wadleigh et al., 2000). Consistent with this finding, we
showed that nuclear extracts from LPS-treated Tpl2+* and
Tpl27~ macrophages bind NF-kB-specific oligonucleo-
tides with similar efficiencies (Dumitru et al., 2000; data
not shown). The remaining factors, CREB and c¢/EBPJ,
may be required for the induction of COX-2 in response to
LPS (Wadleigh et al., 2000). Of these, C/EBPB was
induced in TpI2** but not in TpI2~- cells at 6 h following
stimulation. However, the induction of C/EBPP was not
inhibited by the MEK inhibitor PD98059 (see Supple-
mentary figure 2). Given that PGE2 induction is ERK
dependent, we conclude that the differential induction of
C/EBP in Tpl2*+ and Tpl2~- cells may not be critical for
the induction of COX-2.

Tpl2 regulates the activation of CREB in
LPS-stimulated macrophages

CREB is a target of the ERK pathway (Caivano and
Cohen, 2000) and ERK phosphorylation is impaired in
LPS-stimulated Tpl2~~ macrophages (Dumitru et al.,
2000; Figure 4A). We therefore examined whether
CREB phosphorylation is differentially regulated in
LPS-stimulated macrophages from Tpl2**+ and Tpl2~-
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mice. To this end, lysates of unstimulated and LPS-
stimulated wild-type and Tpl2 KO macrophages were
probed with an antibody that specifically recognizes
CREB phosphorylated at Ser133 or with an antibody that
detects both phosphorylated and non-phosphorylated
CREB. Parallel western blots were probed with antibodies
that recognize phosphorylated and total ERK. The results
showed that CREB phosphorylation is more efficient
in Tpl2** macrophages (Figure 4B). The transcription
factor ATF1, which forms heterodimers and shares a
common phosphorylation domain with CREB, was also
differentially phosphorylated (Figure 4B).

We next examined whether the differences in CREB
phosphorylation in Tpl2** and Tpl27~ macrophages
translate into differences in DNA binding. The results
showed that nuclear extracts from Tpl2++ macrophages,
harvested at 30 min or 1 h after LPS stimulation, exhibit
higher CREB-specific DNA binding activity than extracts
from Tpl2~~ macrophages (Figure 4C, left). DNA binding
was inhibited by excess unlabeled wild-type but not
mutant CREB-binding oligonucleotides (Figure 4C, right).

Tpl2 regulates the activation of CREB by LPS via a

PI90Rsk- and Msk1-dependent pathway

CREB is a substrate for p90Rsk, a kinase that is activated
by ERK-mediated phosphorylation at multiple sites,
including Ser381, Thr360 and Ser364 (Deak et al., 1998;
Xing et al., 1998; Frodin and Gammeltoft, 1999). Here we
show that LPS stimulation induces phosphorylation of
p90 RSK in Tpl2** but not in Tpl2~~ macrophages, and
that phosphorylation of p90RSK at this site correlates with
activation of the kinase (Figure 5A and B). Pretreatment
with the MEK inhibitor PD98059 blocked the activation of
p90Rsk (Figure 5B). However, Ro318220, an inhibitor of
Mskl1, did not inhibit p90Rsk activation by LPS, suggest-
ing that Mskl is not a required regulator of p90Rsk.

Msk1 directly phosphorylates CREB, and is activated
by a variety of stimuli including LPS (Deak et al., 1998;
Caivano and Cohen, 2000). We therefore examined the
contribution of Tpl2 in the activation of Msk1 by LPS. The
results showed that LPS induces Msk1 phosphorylation at
Ser581, and that phosphorylation is more efficient in
TpI2+* than in Tpl2~- macrophages (Figure 5C). Parallel
experiments confirmed that phosphorylation correlates
with the enzymatic activation of Msk1. Moreover, whereas
the Msk1 inhibitor Ro318220 blocks the activation of
Mskl in wild-type macrophages, the MEK inhibitor
PD98059 only partially blocks this outcome (Figure 5D).

To determine whether p90Rsk and Mskl1 signals are
responsible for CREB phosphorylation in response to LPS,
TpI2*+* macrophages were pretreated with either PD98059
or Ro318220 and then stimulated with LPS. Western
blotting of cell lysates harvested 30 min later, using
antibodies specific for the phosphorylated and non-phos-
phorylated forms of ERK or CREB/ATF]I, revealed that
whereas PD98059 suppressed ERK phosphorylation,
R0318220 did not (Figure 6A). However, both compounds
were found to impair CREB/ATFI phosphorylation
(Figure 6B).

To determine whether p90Rsk and Msk1 regulate the
transcriptional activity of the COX-2 promoter, we
transiently transfected RAW?264.7 cells with the COX-2
promoter—luciferase reporter construct. Some of the
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Fig. 4. Tpl2 regulates the phosphorylation and DNA binding activity of
CREB in LPS-stimulated macrophages. (A) Kinetics of ERK phos-
phorylation in cell lysates from Tpl2**+ and Tpl2~~ macrophages stimu-
lated with LPS. (B) Kinetics of CREB/ATF1 phosphorylation in cell
lysates from Tpl2** and Tpl27~ macrophages stimulated with LPS.
(C) Induction of CREB DNA binding activity by LPS is Tpl2 depend-
ent. Left panel: nuclear extracts of primary Tpl2** and Tpl2~~ macro-
phages treated with LPS for 0, 30 or 60 min were analyzed by EMSA
for binding to an oligonucleotide containing the CREB binding motif
of the COX-2 promoter. Right panel: nuclear extracts from Tpl2*+*
cells treated with LPS for 1 h were incubated with excess unlabeled
wild-type (wt) or mutant (mt) oligonucleotide probe prior to EMSA.

cultures were co-transfected with a kinase-inactive,
dominant-negative mutant of p90Rsk, while others were
pretreated with the Msk1 inhibitor Ro318220. Luciferase
reporter assays were carried out using cell lysates
harvested before and after stimulation with LPS. The
results showed that inhibition of either kinase interferes
with the LPS-mediated induction of the COX-2 promoter
(Figure 6C). Therefore, both p90Rsk and Msk1 contribute
to the COX-2 transcriptional induction by LPS.

The antibody we used to determine CREB phosphoryl-
ation detects only the phosphorylated Ser133 site. Our
findings therefore suggest that both Mskl and p90Rsk
phosphorylate CREB at Ser133. The finding that both
kinases are required for the phosphorylation of this site
suggests that either the two kinases regulate each other or
that, in addition to Ser133, they may phosphorylate other
non-overlapping sites that affect the efficiency of phos-
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Fig. 5. Tpl2 transduces LPS signals leading to the phosphorylation and
activation of the protein kinases p90Rsk and Mskl. (A) The phos-
phorylation of p90Rsk in LPS-stimulated Tpl2”~ macrophages is im-
paired. Lysates of LPS-stimulated macrophages were probed with
antibodies to phosphorylated p90Rsk or to total p90Rsk. (B) p90Rsk
activation by LPS in Tpl2~~ macrophages is impaired. Kinase activity
is expressed in c.p.m. of [3?P]ATP incorporated by p90Rsk immunopre-
cipitates. The data shown are mean values from triplicate determina-
tions in a representative experiment. Four independent experiments
gave similar results. PD is PD98059 and Ro is Ro318220. (C) The
phosphorylation of Msk1 in LPS-stimulated Tpl27~ macrophages is im-
paired. Lysates of LPS-stimulated macrophages were probed with anti-
bodies to phosphorylated Msk1 or to total Mskl. (D) Mskl activation
by LPS in primary macrophages is Tpl2/ERK dependent. In vitro
kinase assays were carried out on Mskl immunoprecipitates using the
synthetic peptide EILSRRPSYRK (CREBtide) as substrate. Kinase
activity is expressed in c.p.m. of [3*P]ATP incorporated in the substrate.
The values shown are mean values from triplicate determinations in a
representative experiment. Three independent experiments gave similar
results.

phorylation at Ser133. The regulation of p90Rsk by Msk1
was excluded by the finding that the Mskl inhibitor
R0318220 does not affect the activation of p90Rsk by LPS
(Figure 5B). To address the possibility that p90Rsk is a
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Fig. 6. The phosphorylation of CREB and the activation of the COX-2
promoter by LPS depend on signals transduced by ERK, p90Rsk and
Mskl. (A) Lysates of wild-type macrophages treated as indicated were
probed with antibodies to phosphorylated ERK or total ERK. PD is
PD58059 and Ro is Ro318220. (B) Both PD98059 and Ro318220 inhi-
bit LPS-induced phosphorylation of CREB/ATF1 in Tpl2** macro-
phages. Cell lysates from cultures identical to those described in (A)
were probed with antibodies to phosphorylated CREB and ATFI or to
total CREB. (C) Both Mskl and p90Rsk contribute to LPS-induced
transactivation of the COX-2 promoter. The activity of a COX-2
promoter—luciferase reporter construct in RAW264.7 cells treated as
indicated. Data are presented as the mean = SD of the fold increase of
the RLV in stimulated versus unstimulated control cultures.

regulator of Mskl, we co-transfected 293 cells with
Mskl and wild-type, myristoylated or catalytically
inactive p90Rsk constructs and examined whether the
co-transfected constructs affected the phosphorylation and
kinase activity of Mskl. The results showed that p90Rsk
constructs neither activate nor inhibit the activity of Msk1
(Figure 7). Epidermal growth factor (EGF), used as a
positive control, strongly activated Msk1, but had no effect
on a catalytically inactive Mskl mutant.

Discussion

LPS, a component of the cell wall of Gram-negative
bacteria, is the triggering factor for multiple organ failure
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during septic shock (Parillo, 1993). The effects of LPS are
caused by host-produced cytokines, such as TNF-o. and
IL-1P, and lipid mediators such as PGE2, which act in an
autocrine or paracrine manner to induce and amplify the
host response. A major source of TNF-o, IL-13 and PGE2
during sepsis is the macrophages. Our recent work
demonstrated that macrophages of Tpl2 KO mice exhibit
a post-transcriptional defect in LPS-induced TNF-a
synthesis. As a result, these mice are resistant to LPS/
D-galactosamine-induced endotoxin shock (Dumitru ez al.,
2000). In this study we showed that PGE2 synthesis and
release from stimulated macrophages is also regulated by
Tpl2. Specifically, we showed that LPS-treated Tpl2~~
macrophages release lower levels of PGE2 than Tpl2*++*
macrophages. The synthesis of PGE2 depends on COX-2,
which also failed to be induced by LPS in the KO
macrophages. In agreement with these data, COX-2 was
induced in RAW264.7 macrophages overexpressing Tpl2.
These observations combined suggest that Tpl2 is both
necessary and sufficient for the induction of COX-2 by
LPS. The induction of COX-2 by LPS in wild-type
macrophages was inhibited by the MEK inhibitor
PD98059, suggesting that COX-2 induction is regulated
via a Tpl2/ERK-dependent pathway. PD98059 had been
shown earlier to also inhibit TNF-o-induced COX-2
transactivation in epithelial cell lines (Chen et al., 2001).
The preceding data combined highlight the importance of
the Tpl2/ERK pathway in the induction of COX-2 by LPS
and cytokine signals, and suggest that this pathway
contributes to the induction of COX-2 in more than one
cell type. Tpl2-transduced signals induced COX-2 by
regulating both its transcription and the stability of its
message. Another enzyme that contributes to prostaglan-
din synthesis is cytoplasmic phospholipase A2 (cPLA2),
which cleaves membrane lipids to release arachidonic
acid, the COX-2 target (Syrbu et al., 1999). Although we
have not yet fully addressed the regulation of cPLA2, our
preliminary data indicate that its phosphorylation in
response to LPS in Tpl2~~ macrophages is impaired (our
unpublished data).



The data presented in this paper focus on the role of
Tpl2-transduced signals on COX-2 transcription. Signals
transduced via the Tpl2/ERK pathway regulate COX-2
transcription by regulating CREB phosphorylation and
DNA binding following stimulation with LPS. Two
kinases targeted by ERK, namely p90Rsk and Mskl,
directly phosphorylate CREB and ATF1, a CREB-related
transcription factor that forms heterodimers with CREB
(Deak et al., 1998; Xing et al., 1998; Frodin and
Gammeltoft, 1999). Interestingly, LPS failed to induce
phosphorylation and activation of p90Rsk in Tpl27-
macrophages as well as in Tpl2*+ macrophages pretreated
with the MEK inhibitor PD98059, suggesting that p90Rsk
is a bona fide target for the Tpl2/ERK MAPK pathway.
Msk1 phosphorylation and activation, on the other hand,
was significantly inhibited but not abolished in LPS-
stimulated Tpl2~ macrophages. The residual Msk1 phos-
phorylation in these cultures may be due to p38MAPK,
which also phosphorylates Msk1 (Deak et al., 1998) and is
activated normally in LPS-stimulated Tpl2~- macrophages
(Dumitru et al., 2000).

The preceding findings led us to address the role of
p90Rsk and Mskl in the phosphorylation of CREB. The
results showed that both kinases are required for the full
phosphorylation of CREB at Ser133. Several possible
explanations were considered for this puzzling finding.
(i) The two kinases may be transregulated. This explan-
ation was excluded, however, because the Msk1 inhibitor
Ro0318220 did not interfere with the activation of p90Rsk
in response to LPS and a catalytically active mutant of
p90Rsk did not activate Mskl. (ii) Neither of the two
kinases is sufficient to fully phosphorylate CREB at
Ser133, suggesting that their activities toward the phos-
phorylation of this site are additive. This appears unlikely,
however, because the inhibition of Mskl almost com-
pletely blocked Ser133 phosphorylation. In agreement
with these data, TPA and EGF failed to induce CREB
phosphorylation in Mskl KO embryonic stem cells
(Arthur and Cohen, 2000). (iii) In addition to Ser133, the
two kinases may phosphorylate other non-overlapping
sites that regulate the efficiency of Ser133 phosphoryl-
ation. A second phosphorylation site at Ser142, targeted by
casein kinase II and Ca2*-calmodulin kinase II, has indeed
been identified. However, there is no evidence to date that
phosphorylation of Ser133 and Ser142 are interdependent.
(iv) One of the two kinases may inhibit the phosphatase
that dephosphorylates Ser133. Two phosphatases, PP1 and
PP2A, have the potential to dephosphorylate this site.
(v) The two kinases may regulate other molecules that
bind CREB. Such molecules may function similar to the
HTLV-1 Tax protein, which interacts with CREB and
promotes its binding to DNA (for a review, see Mayr and
Montminy, 2001). Further studies addressing this issue are
in progress.

Similar to the phosphorylation of CREB, the activity of
the COX-2 promoter following LPS stimulation also
depends on the combined action of p90Rsk and Mskl.
Inhibition of either kinase inhibited the activation of the
promoter by LPS. This correlation suggests that the
differential activation of the COX-2 promoter in wild-
type and Tpl2 KO macrophages may depend on the
differential phosphorylation of CREB via the Tpl2/ERK/
p90Rsk-Msk1 pathway. However, p90Rsk and Msk1 may
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Fig. 8. Model of Tpl2-mediated COX-2 transactivation and PGE2 pro-
duction in response to LPS. LPS engages a Tpl2-dependent pathway,
which leads to the activation of ERK and p90RSK downstream of
MEK. The same signals, in combination with p38 MAPK-transduced
signals, activate Mskl. p90Rsk and Mskl, in turn, phosphorylate and
activate CREB, which is critical for the transactivation of COX-2, a
key enzyme for the biosynthesis of PGE2. The interrupted line connect-
ing Tpl2 with p38MAPK indicates that non-obligatory signals trans-
duced via Tpl2 may contribute to the activation of p38MAPK by LPS.

exert additional effects on transcription. Specifically,
Mskl1, and to a lesser degree the p90Rsk homolog Rsk2,
phosphorylate histone H3 at Ser10 and Ser28, and HMG14
at Ser6, and contribute to the nucleosomal response
associated with the induction of early response genes
(Sassone-Corsi et al., 1999; Thomson et al., 1999).
Moreover, p90Rsk phosphorylates the CREB binding
histone acetyltransferase CBP (Merienne ef al., 2001). The
differential ability of Mskl and p90Rsk to phosphorylate
these targets in wild-type and Tpl2 KO cells may also
explain why both kinases are required for the activation of
the COX-2 promoter by LPS.

C/EBP is activated by ERK-mediated phosphorylation
in cultured hepatocytes but not in LPS-stimulated macro-
phages (Nakajima et al., 1993; Studley and Smale, 1999).
LPS stimulation of macrophages, instead, induces C/EBPf3
expression (Caivano and Cohen, 2000). Our studies
confirmed that LPS does not induce phosphorylation and
does not increase the DNA binding activity of C/EBPJ in
primary macrophages at 1 h following stimulation. In
addition, they showed that Tpl2 transduces ERK-
independent signals that promote the delayed induction
of COX-2 in response to LPS (see Supplementary figure 2).
However, given that COX-2 induction and PGE2 synthesis
in LPS-simulated macrophages are MEK dependent,
C/EBPJ may not play a critical role in COX-2 induction
and prostaglandin synthesis in LPS-stimulated primary
macrophages.

The preceding data define the role of Tpl2 in an LPS-
triggered pathway that stimulates the expression of COX-2
and PGE2 in macrophages. According to the proposed
model (Figure 8), LPS triggers a Tpl2-dependent ERK
pathway that leads to the phosphorylation and activation of
Mskl1 and p90Rsk. These kinases phosphorylate CREB,
which is critical for COX-2 transactivation. This model
addresses the role of Tpl2 in the transcriptional induction
of COX-2. However, Tpl2 also promotes the stabilization
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of the COX-2 mRNA. mRNA stability is often regulated
by AU-rich elements in the 3’ untranslated region of the
RNA (3’AREs), and COX-2 transcripts possess several
3’ARESs (Lasa et al., 2000). Our earlier studies had shown
that Tpl2-mediated ERK activation signals play a critical
role in the post-transcriptional regulation of TNF-o
expression by targeting the TNF-oo mRNA 3’AREs.
However, in the case of TNF-o, these signals regulate
the nucleocytoplasmic RNA transport rather than the
stability of the RNA (Dumitru et al., 2000).

The data presented in this report addressed the role of
Tpl2 in the transduction of LPS signals that regulate the
expression of COX-2 and the synthesis of PGE2 in
macrophages. Given the well established role of these
molecules in inflammation, the findings reported here
clearly demonstrate that Tpl2 plays an important role in
the transduction of inflammatory signals. However, these
molecules also contribute to oncogenesis. Thus, COX-2
inhibitors decrease the incidence of colon and mammary
adenocarcinomas in humans and in genetically susceptible
mice (Elder and Paraskeva, 1998; Jones et al., 1999). On
the opposite side, intestinal bacterial infections increase
the expression of COX-2 in macrophages and other
interstitial cells in the intestines, and enhance colon
tumorigenesis in Apc™™* mice (Newman et al., 2001). In
agreement with these findings, Apc”*/COX-2-- double
mutant mice showed an 85% decrease in polyp induction
by comparison with single APC~+ mutants (Oshima et al.,
1996). Finally, Wnt-1, a known oncogene, induces COX-2
expression in mammary epithelial cell lines (Howe et al.,
1999). This may contribute to the oncogenic potential of
Wnt-1 because expression of COX-2 in mammary and
lung carcinoma cell lines correlates with their invasive and
metastatic potential (Kundu et al., 2001). The oncogenic
effects of COX-2 are prostaglandin mediated in that the
COX-2-dependent oncogenic effects of the APCA716
mutation are blocked in mice carrying a mutant prosta-
glandin receptor (EP2) gene (Sonoshita ez al., 2001).

Tpl2 contributes to the transduction of signals that
originate in the T-cell receptor and activate the transcrip-
tion factor NFAT (Tsatsanis et al., 1998a). Thus, ConA or
anti-CD3 stimulation engages a Tpl2-dependent pathway
that activates NFAT and promotes IL-2 secretion and cell
cycle entry in T-cell lines. Tpl2-induced NFAT activation
was also implicated recently in COX-2 induction in PMA-
plus ionomycin-activated Jurkat cells (de Gregorio et al.,
2001). This led us to examine the role of NFAT in COX-2
induction in both T cells and macrophages. Our data
showed that TPA and ionomycin induced a robust
activation of NFAT in Jurkat cells, but failed to induce
detectable levels of COX-2. Similarly, ConA, which is
known to activate NFAT, failed to induce COX-2
expression in normal T cells. In the same experiment,
LPS induced a dramatic increase in COX-2 expression in
TpI2*+* macrophages in the absence of NFAT activation.
We therefore conclude that NFAT does not play an
important role in the physiological regulation of COX-2
by Tpl2.

In summary, the data presented here define a pathway
that is triggered by LPS and links Tpl2, and its downstream
target MEK, with transcription. Moreover, they show that
Tpl2 regulates the induction of COX-2 and its product
PGE?2, in response to LPS. PGE2 is known to contribute to
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the pathophysiology of sepsis (Astiz et al., 1996), chronic
inflammation (Tilley et al., 2001) and neoplasia. The
findings presented here, therefore, further implicate Tpl2
in these processes and suggest that it is an excellent target
for the development of drugs against septic shock, other
inflammatory syndromes and cancer.

Materials and methods
Cell culture, stimulation and PGE2 ELISA

Bone marrow-derived macrophages (BMDM) were cultured as described
previously (Dumitru et al., 2000). At day 6, adherent macrophages were
replated in six-well plates and used for experiments 18 h later (Dumitru
et al., 2000). PD98059 (20 uM; Calbiochem) and Ro318220 (3 uM;
Calbiochem) were applied 45 min prior to LPS stimulation. PGE2 was
measured in macrophages plated at 2 X 10° cells per dish, using a
commercially available PGE2 enzyme immunoassay kit (Cayman
Chemicals, An Arbor, MI).

RAW264.7 macrophages were cultured in DMEM supplemented with
10% FBS. To inhibit Mskl in this cell line we used 5 pM Ro318220.
Jurkat cells were cultured in RPMI 1640 and were stimulated with TPA
(100 ng/ml) and ionomycin (100 nM). Mouse splenocytes were cultured
as described previously (Dumitru et al., 2000).

Nuclear run-on assay

Nuclear run-on assays were carried out as described previously
(Srivastava et al., 1998). Briefly, 108 BMDM were either left untreated
or treated with LPS from Salmonella typhimurium (1 pg/ml). After 2 h,
cells were washed with ice-cold PBS and lysed in an NP-40 lysis buffer.
Nuclei isolated from the lysed cells were washed twice in lysis buffer and
collected by centrifugation at 1000 g. Following this, 107 nuclei were
resuspended in 200 pl of reaction buffer. The in vitro elongation reaction
was initiated with the addition of ribonucleotides (ATP, GTP and CTP) to
a final concentration of 0.33 mM each, plus 100 uCi [a->?P]JUTP. The
reaction was carried out for 10 min at 25°C. The labeled RNA was
hybridized to 5 ug of filter-immobilized denatured COX-2 cDNA (Oxford
Biomedical Research, Oxford, MI), 5 ug of mouse cytoplasmic B-actin
c¢DNA and 5 pg of TNF-a ¢cDNA blotted onto nylon membranes
(ZetaProbe GTG; Bio-Rad, Hercules, CA). Filters were washed
stringently in 0.1X SSC/0.1% SDS at 65°C. The intensity of
hybridization was measured by a PhosphorImager (Molecular Dynamics).

Transfections and reporter assays

COX-2 promoter (-891 to +7 bp)-luciferase reporter constructs were
provided by Drs L.-H.Wang and Harvey R.Herschman. RAW264.7 cells
(4 X 10°) were electroporated (270 V, 950 uF) with 10 pg of the COX-2
luciferase reporter and 2 ug of a Renilla luciferase expression construct
(Promega) alone or in combination with wild-type Tpl2, kinase-inactive
Tpl2 (K167M) or kinase-inactive p90Rsk (K112R/K464R) (Shimamura
et al., 2000) constructs. Transfection efficiency was monitored by
electroporation of a GFP expression construct (10 pg) and was ~5-6%.
The relative luciferase value (RLV) was defined as the ratio of the
luciferase activity divided by the activity of Renilla luciferase in
transfected cell lysates. The RLV of unstimulated cultures was given
the arbitrary value of 1. The fold induction was calculated by dividing the
RLYV of a given culture by the RLV of the unstimulated control. Each
experiment was repeated a minimum of three times.

RNA stability assay

Tpl2*+ and Tpl2~~ macrophages were stimulated with LPS (1 pg/ml).
After 1 h, the cells were treated with actinomycin D (10 pg/ml). mRNA
was isolated from cell lysates harvested 1, 3, 6 and 9 h later. COX-2
mRNA levels were measured by RT-PCR.

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed as described previously (Eliopoulos et al., 1999).
Briefly, cells were resuspended in buffer A [10 mM HEPES pH 7.9,
1.5 mM MgCl,, 10 mM KCl, 1 mM DTT, 0.1% (v/v) NP-40, 0.1 mM
sodium orthovanadate, 10 mM sodium glycerophosphate and complete
proteinase inhibitor mixture] on ice and then spun at 13 500 g for 1 min at
4°C. The nuclear pellets were resuspended in buffer B (20 mM HEPES
pH 7.9, 1.5 mM MgCl,, 420 mM NaCl, 1| mM DTT, 0.1 mM sodium
o-vanadate, 10 mM sodium glycerophosphate and complete proteinase
inhibitor mixture) and incubated at 4°C for 15 min. Following this, they



were centrifuged at 13 500 g for 15 min at 4°C. Protein concentration in
the supernatants was determined using the Bio-Rad protein assay kit.. The
oligonucleotides used as probes were: 5'-GAAGCAGAGAGGGGGA-
AAAGTTGGTGGG-3" (NFAT/COX-2), 5-GAGTCACCACTACGTC-
ACGTGGAGTCCGCT-3" (CREB/COX-2) and 5-GAGTCACCACT-
GATTCACGTGGAGTCCGCT-3" (mtCREB/COX-2; underlined bases
indicate mutations).

Immunoblotting

SDS-PAGE and immunoblotting were carried out as described previ-
ously (Dumitru et al., 2000). The antibodies used were the c¢/EBPB-
specific antibody C-19 (Santa Cruz Biotechnology), the cyclin D2-
specific antibody M20 (Santa Cruz Biotechnology), polyclonal antibodies
against Msk1 phosphorylated at Ser581 (Cell Signaling, Beverly, MA) or
against total Msk1 (Upstate Biotechnology), the COX-2-specific antibody
C-20 (Santa Cruz Biotechnology), antibodies against CREB phosphoryl-
ated at Ser133 and ATF1 phosphorylated at Ser63 or against total CREB
(Cell Signaling), antibodies against p90Rsk phosphorylated at Ser381 or
against total p90Rsk (Cell Signaling), and antibodies against phosphoryl-
ated or total ERK (Cell Signaling).

RT-PCR

Total cell RNA (2 pg) was reverse transcribed using the Ambion
RetroScript kit. PCR was performed using the oligonucleotides 5’-
GTATCAGAACCGCATTGCCTCTGA-3’ and 5-CGGCTTCCAGTAT-
TGAGGAGAACAGAT-3’ derived from the murine COX-2 gene and
5-GTTGGATACAGGCCAGACTTTGTTG-3" and 5-GAGGGTAG-
GCTGGCCTATAGGCT-3" derived from the hypoxanthine-guanine
phosphoribosyltransferase (HPRT) gene. Conditions for PCR amplifica-
tion were: denaturing at 94°C for 30 s, annealing at 60°C for 1 min and
extension at 68°C for 1 min. PCR was carried out for 24 cycles using
DNA polymerase (5 U/ml; Roche). RT-PCR gave rise to a single 746 bp
COX-2 band and a single 352 bp HPRT band.

Kinase assays

P90Rsk kinase assays were performed using 250 pug of cell lysates and the
S6 kinase assay kit from Upstate Biotechnology. For Msk1 kinase assays,
cells were lysed by incubating them for 15 min in ice-cold Triton X-100
lysis buffer containing 1 uM microcystin (Sigma). Cell lysates (I mg)
were precleared by incubation with Sepharose G beads for 30 min. Msk1
was immunoprecipitated from these lysates with an antibody pre-
absorbed with Sepharose G beads. Immunoprecipitates were washed
twice with Triton X-100 lysis buffer and twice with a Tris/EGTA/
2-mercaptoethanol-containing buffer. The washed pellets were resus-
pended in 10 pl of lysis buffer. The kinase reaction was performed in a
volume of 50 pl containing 17 uM PKI (PKA inhibitor peptide
TTYADFIASGRTGRRNAIHD), 100 puM Mskl substrate peptide
[EILSRRPSYRK (CREBtide) (Deak et al., 1998)], 167 uM [y-32P]ATP
(specific activity ~500 000 c.p.m./nmol, 10 uM cold ATP and 16.7 mM
magnesium acetate. After 10 min at 30°C, the reaction was terminated by
pipetting 40 ul of the assay mixture onto a 2 X 2 cm square
phosphocellulose paper (Upstate Biotechnology) that binds CREBtide
but not ATP. The phosphocellulose paper was washed three times in 0.5%
phosphoric acid and once in acetone, and it was counted in a scintillation
counter. Kinase assays were repeated a minimum of three times.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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