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The stability of cyclooxygenase 2 (Cox-2) mRNA is regulated positively by proinflammatory stimuli acting
through mitogen-activated protein kinase (MAPK) p38 and negatively by anti-inflammatory glucocorticoids
such as dexamethasone. A tetracycline-regulated reporter system was used to investigate mechanisms of
regulation of Cox-2 mRNA stability. Dexamethasone was found to destabilize [3-globin—Cox-2 reporter mRNAs
by inhibiting p38. This inhibition occurred at the level of p38 itself: stabilization of reporter mRNA by a kinase
upstream of p38 was blocked by dexamethasone, while stabilization by a kinase downstream of p38 was
insensitive to dexamethasone. Inhibition of p38 activity by dexamethasone was observed in a variety of cell
types treated with different activating stimuli. Furthermore, inhibition of p38 was antagonized by the anti-
glucocorticoid RU486 and was delayed and actinomycin D sensitive, suggesting that ongoing glucocorticoid

receptor-dependent transcription is required.

In spite of their deleterious effects on extracellular matrix,
immune function, and carbohydrate metabolism, glucocorti-
coids (GCs) are still widely used in the treatment of inflam-
matory diseases such as rheumatoid arthritis and asthma (3),
largely because they down-regulate “proinflammatory” genes,
such as those encoding tumor necrosis factor alpha (56), in-
terleukin -la (IL-1a) and IL-1B (1, 32), IL-6 and IL-8, gran-
ulocyte-macrophage colony-stimulating factor (58), beta inter-
feron (19, 40, 41), monocyte chemottractant protein 1 (42),
inducible nitric oxide synthase (29, 59), and cyclooxygenase-2
(Cox-2) (4, 11, 37, 38, 49). Both positive and negative regula-
tion of gene expression are mediated by the GC receptor
(GR), which is retained in the cytoplasm in the absence of its
ligand and transported to the nucleus following ligand activa-
tion (5). Several mechanisms have been suggested for the neg-
ative regulation of gene expression by GCs (36). For example,
GR is proposed to interact with and inhibit transactivation by
the transcription factors NF-kB and AP-1 (26, 28, 34, 45, 53,
63), which are positive regulators of many of the genes in
question. Both of these transcription factors may also be sub-
ject to less direct negative regulatory mechanisms. GCs are
reported to induce the expression of IkB, a cytoplasmic inhib-
itor of NF-«kB (2, 52), and to inhibit cJun N-terminal kinases
(JNKSs), which are required for the expression and function of
AP-1 components (7, 20, 56). In several cases, GCs inhibit gene
expression at the level of mRNA turnover (1, 32, 41, 42). For
example, inhibition of Cox-2 gene expression was partly medi-
ated by destabilization of Cox-2 mRNA. This effect required
ongoing transcription and translation, suggesting an involve-
ment of dexamethasone-induced gene expression (38, 49).

In response to various proinflammatory stimuli, mitogen-
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activated protein kinase (MAPK) p38 is activated by MAPK
kinase 6 (MKK®6) (12, 23, 44). In turn, p38 phosphorylates and
activates a number of substrates, including MAPK-activated
protein kinase 2 (MAPKAPK-2) (16, 50). This signal transduc-
tion cascade is required for the expression of several proin-
flammatory genes and exerts its effects at least partly at the
level of mRNA stability (60, 61). An involvement in the control
of Cox-2 mRNA stability was demonstrated by means of acti-
nomycin D chase experiments (14, 47) and confirmed using a
tetracycline-regulated mRNA stability assay (31). In this case,
the stability of a chimeric 3-globin—Cox-2 reporter mRNA was
altered by coexpression of constitutively active or dominant
negative components of the p38 pathway (31).

The control of mRNA stability is frequently mediated by the
3’ untranslated region (UTR) of the transcript in question. In
particular, the 3’ UTRs of unstable cytokine, growth factor,
and proto-oncogene mRNAs often contain AU-rich elements,
with repeats of the so-called destabilizing motif AUUUA (9,
10, 55). The most abundant Cox-2 transcript contains an ex-
ceptionally long 3" UTR of 2.5 kb, which contains 22 copies of
the AUUUA motif (24, 39). Using the tetracycline-regulated
reporter assay, a p38-responsive element was mapped to a
short, evolutionarily conserved AU-rich region which lies im-
mediately 3’ to the translation termination codon of Cox-2
mRNA and contains six AUUUA repeats (31). Although some
3" UTRs have been implicated as targets of dexamethasone
(17, 25, 41), reporter mRNAs containing the Cox-2 3" UTR
were not responsive to GCs in previous studies (15, 21, 38, 49).
The mechanism of regulation of Cox-2 mRNA stability by GCs
is therefore unclear.

The tetracycline-regulated reporter system was used to in-
vestigate the mechanism of regulation of Cox-2 mRNA stabil-
ity by the synthetic GC dexamethasone in HeLa Tet-off (HeLa-
TO) cells. Dexamethasone destabilized Cox-2 mRNA by
inhibiting MAPK p38. The site of action of dexamethasone was
downstream of MKKG6, and upstream of MAPKAPK-2. The
MAPK p38 pathway controls the expression of several genes at
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the level of mRNA stability (31, 35, 60, 61). The findings
described here suggest that GCs may negatively regulate gene
expression by means of p38 inhibition and consequent mRNA
destabilization. This represents an important novel point of
convergence of two signal transduction pathways, which pro-
foundly influence proinflammatory gene expression.

MATERIALS AND METHODS.

Materials. All the DNA constructs used in this work were previously described
(31). SB203580 was from Calbiochem-Novabiochem. Salmonella enterica serovar
Typhimurium lipopolysaccharide, dexamethasone, RU486, and all-frans-retinoic
acid were from Sigma-Aldrich Co. The rabbit antiserum to the C-terminal pep-
tide of p38a MAPK used for both immunoprecipitation and Western blotting has
been described previously (51). The rabbit anti-human antibodies against the
phosphorylated forms of p38 MAPK and MKK6 were from New England Bio-
labs (no. 9211 and 9231, respectively). The rabbit antiserum to JNK was de-
scribed previously (13). Rabbit anti-human Cox-2 antibody was from Oxford
Biomedical Research. A rabbit polyclonal antiserum to the N terminus of MKK6
was raised against the synthetic peptidle MELGRGAYGVVEKMR.

Cell culture and transfection. HeLa-TO cells (Clontech) were maintained in
Dulbecco’s modified Eagle’s medium-10% fetal calf serum supplemented with
G418 (100 ng/ml; Life Technologies). Cells were seeded in six-well plates at a
density of 1.5 X 10°cells/well. The following day, the cells were transfected using
Superfect (Qiagen). The amount of total transfected DNA was kept constant
within all experiments by addition of appropriate empty expression vectors
and/or Bluescript plasmid (Stratagene). After 24 h, tetracycline (Sigma) was
added at a final concentration of 100 ng/ml, and the cells were harvested in
guanidine thiocyanate lysis buffer (Ambion) at different intervals, as indicated in
each figure. Lysates were passed through Shredder columns (Qiagen) and stored
frozen at —20°C. In some experiments, dexamethasone, RU486, or SB203580
were added to cells 1 or 2 h prior to the addition of tetracycline. HeLa (American
Type Culture Collection), human skin fibroblast, and RAW264.7 cells were
maintained in Dulbecco’s modified Eagle’s medium-10% fetal calf serum. Hu-
man peripheral blood T cells were prepared from the buffy coat fraction of a unit
of blood from a single donor. Mononuclear cells were prepared by Ficoll-
Hypaque centrifugation on a Lymphoprep gradient, and T cells were isolated by
centrifugal elutriation on a Beckman JEG6 elutriator, using RPMI 1640 medium
containing 1% fetal calf serum. T-cell purity was assessed by forward- and
side-scatter flow cytometry in a Becton Dickinson FACScan, and cells of >90%
purity were collected. Cells were rested in RPMI 1640-1% fetal calf serum for
2 h before treatments.

RNase protection assay. Riboprobes were prepared as previously described
(31), and RNase protection assays were carried out using the Direct Protect kit
(Ambion) as described previously (31). Each experiment was performed at least
twice.

Immunoprecipitation and assay of p38 MAPK and JNK. HeLa-TO cells were
incubated in the absence or presence of dexamethasone, the culture medium was
removed, and the culture dishes were washed in phosphate-buffered saline. The
cells were irradiated in a Stratalinker (40 J/m? UV-C) (Stratagene), and the
original culture medium was replaced. After the period indicated in each figure,
the cells were lysed for 10 min on ice in lysis buffer (20 mM HEPES [pH 7.4], 50
mM sodium B-glycerophosphate, 2 mM EGTA, 1% Triton X-100, 10% glycerol,
150 mM NaCl, 10 mM NaF, 1 mM sodium orthovanadate, 2 mM dithiothreitol
[DTT], 1 mM phenylmethylsulfonyl fluoride, 3 pg of aprotinin per ml, 10 uM
E64, 2 ug of pepstatin per ml). Samples were clarified by centrifugation at 4°C
for 10 min at 16,000 X g. p38 MAPK was immunoprecipitated by the addition of
5 wl of rabbit antiserum to the C terminus of p38 MAPK. Samples were incu-
bated at 4°C for 1 h with mixing before the addition of 30 pl of a 50% slurry of
protein A-coated beads in lysis buffer and incubation for an additional 2 h. The
beads were washed four times in 1 ml of wash buffer (50 mM Tris-HCI [pH 7.4],
150 mM NaCl, 1 mM EDTA, 25 mM sodium B-glycerophosphate, 10 mM
sodium tetrapyrophosphate, 1 mM sodium orthovanadate, 2 mM DTT, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS])
and twice in 1 ml of kinase assay buffer (20 mM HEPES [pH 7.5], 20 mM sodium
B-glycerophosphate, 200 mM NaCl, 2 mM DTT, 10 mM MgCl,, 10 mM NaF, 0.1
mM sodium orthovanadate, 0.5 mM EDTA, 0.5 mM EGTA, 0.05% Brij 35). p38
MAPK was assayed using 1 pug of recombinant MAPKAPK-2 as the substrate in
kinase assay buffer with 20 uM ATP and 4 pCi of [y-*’P]ATP in an assay volume
of 30 wl. Samples were incubated at room temperature for 20 min with agitation,
and the reaction was stopped by the addition of 4X SDS-polyacrylamide gel
electrophoresis (PAGE) sample buffer. The samples were separated by SDS-
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FIG. 1. Dexamethasone inhibits the expression of Cox-2 protein
and steady-state mRNA. (A) HeLa-TO cells were transfected with 100
ng of MKKG6 expression vector or empty vector control (pcDNA3).
After 22 h, dexamethasone (100 nM Dex), RU486 (1 M RU) or both
were added. After a further 2 h, cells were harvested and RNase
protection assays were performed to quantify Cox-2 and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA. Mean Cox-2/
GAPDH mRNA ratios from a representative experiment are shown
(with standard deviations; n = 4). (B) Hela-TO cells were transfected
as above and incubated for 24 h in the absence or presence of the
indicated concentrations of Dex alone or with 1 wM RU486. After
24 h, cells were harvested and Western blotting was performed using
an antibody against Cox-2.
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PAGE (10% polyacrylamide). Gels were stained with Coomassie brilliant blue
R-250, and *?P incorporation into MAPKAPK-2 was quantified on a phospho-
rimager (Fuji FLA-2000).

JNK immunoprecipitation was performed in an identical fashion but with 5 pl
of rabbit antiserum to JNK and protein A-coated beads. Samples were assayed
for kinase activity as described above using 1 pg of glutathione S-transferase—
ATF-2(18-96) as substrate.

Western blotting. HeLa-TO cells in p100 plates were transfected with or
without constitutively active MKKG6 expression vector and left for 24 h as de-
scribed above. Some of the cells were UV irradiated as described above and left
for 30 min after the stimulus. Then the cells were harvested in radioimmuno-
precipitation assay buffer, separated by SDS-PAGE, and electrophoretically
transferred to nitrocellulose (Sartorius). The membranes were probed with rab-
bit polyclonal antibodies to Cox-2, phospho-p38 MAPK, or p38a MAPK and
then with a peroxidase-coupled second antibody (Dako). Proteins were detected
using the enhanced chemiluminescence system (Amersham).

RESULTS

Dexamethasone inhibits the expression of Cox-2 protein
and steady-state mRNA in HeLa-TO cells. In pulmonary epi-
thelial cells, induction of the Cox-2 gene by IL-1 was blocked
by dexamethasone at the transcriptional and posttranscrip-
tional levels (38). The HeLa-TO cells used throughout this
study responded poorly to IL-1; however, endogenous Cox-2
mRNA was induced by expression of a constitutively active
form of MKK®6, an activator of p38 (31) (Fig. 1A). The induc-
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tion was blocked by dexamethasone, and this effect was antag-
onized by the anti-steroid RU486, indicating that inhibitory
effects of dexamethasone are mediated by the glucocorticoid
receptor. A slight inhibition of basal Cox-2 expression by dexa-
methasone was observed.

Cox-2 protein expression was also induced by the expression
of MKKG®6, and the induction was blocked by dexamethasone in
a dose-dependent manner, with a 50% inhibitory concentra-
tion (ICs) close to 10 nM (Fig. 1B). The effects of dexameth-
asone were again antagonized by RU486. In these experi-
ments, RU486 alone partly blocked the induction of Cox-2
mRNA and protein, probably due to the weak agonistic prop-
erties of this reagent.

Dexamethasone reverses the stabilization of 3-globin—Cox-2
mRNA by MKKG6. The effects of dexamethasone on Cox-2
steady-state mRNA levels in the absence or presence of MKK6
(Fig. 1) may reflect transcriptional or posttranscriptional reg-
ulation. The Cox-2 promoter contains binding sites for both
Apl and NF-kB, which are known to be negatively regulated
by the GR. To investigate the regulation of Cox-2 mRNA
stability in isolation from transcriptional effects, a tetracycline-
responsive globin reporter system was used, as described
previously (31, 61, 62). The B-globin reporter transcript was
expressed under the control of a tetracycline-regulated pro-
moter, whose transcription can be rapidly switched off by the
addition of 100 ng of tetracycline per ml to the tissue culture
medium. Insertion of the 2.5-kb Cox-2 3'UTR destabilized the
globin transcript, and the chimeric transcript was stabilized by
coexpression of a constitutively active MKK6 mutant, as pre-
viously reported (31) (Fig. 2). Dexamethasone did not influ-
ence basal B-globin-Cox2.5 mRNA stability but reversed the
MKKG6-dependent stabilization of this reporter mRNA. A
B-globin reporter mRNA containing part of the IL-8 3" UTR
is stabilized by activation of the p38 pathway (61). The stabi-
lization of the B-globin-IL-8 transcript by MKKG6 was reversed
by dexamethasone (data not shown). The stability of the con-
trol B-globin transcript, lacking any inserted 3" UTR fragment,
was not influenced by dexamethasone (data not shown). The
destabilizing effects of dexamethasone were less clear when it
was added simultaneously with tetracycline (data not shown),
and the steroid was added to cells 2 h prior to tetracycline in
the experiments illustrated.

Dexamethasone sensitivity is conferred by a short, AU-rich
region of the Cox-2 3’ UTR. The 3’ UTR of the most abundant
Cox-2 transcript is exceptionally long (2.5 kb). Cryptic polyad-
enylation sites give rise to minor transcripts having 3" UTRs of
1.4 and 0.6 kb. Using a series of B-globin—Cox-2 reporter con-
structs, it was demonstrated that p38-dependent regulation of
mRNA stability is mediated by a relatively short (123 nucleo-
tides) and evolutionarily conserved AU-rich region lying im-
mediately 3’ to the translation termination signal (31). The
same deletion series was used to map dexamethasone-sensitive
sites within the Cox-2 3’ UTR (Fig. 3). Transcripts containing
3" UTR nucleotides 1 to 1440 (Cox1.4), 1 to 603 (Cox0.6) or 1
to 123 (Cox0.1) were similarly destabilized by dexamethasone
in the presence of MKKG6. In contrast, a transcript containing
nucleotides 124 to 603 (Cox0.5) was unresponsive to MKK6
and dexamethasone. Under these conditions, dexamethasone
and SB203580 exerted very similar effects on the stability of
B-globin—Cox reporter mRNAs (Table 1). Therefore the con-
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FIG. 2. Dexamethasone reverses the stabilization of B-globin—
Cox-2 mRNA by MKK6. HeLa-TO cells were transfected with 50 ng of
pGL3c, 20 ng of pTetBBB-Cox2.5, and 100 ng of MKKG6 expression
vector or empty vector control (pcDNA3). After 22 h, vehicle control
or dexamethasone (1 pM Dex) was added. After a further 2 h, tetra-
cycline (Tet) was added to a final concentration of 100 ng/ml. Cells
were harvested at the time intervals shown, and RNase protection
assays were performed to quantify luciferase, Cox-2, B-globin—Cox2.5,
and GAPDH mRNAs. (A) A representative experiment. Only the
-globin reporter and GAPDH loading control are shown. (B) Graph-
ical representation of means and standard deviations of 11 indepen-
dent experiments. B-globin/GAPDH ratios were plotted as percent-
ages of the maximum value at the time of tetracycline addition.
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served AU-rich element (Fig. 3C) appears to mediate the reg-
ulation of mRNA stability not only by the p38 pathway but also
by dexamethasone.

Regulation of mRNA stability by dexamethasone is dose
dependent and GR mediated. The dose dependence of mRNA
stability regulation was tested using a range of dexamethasone
concentrations between 1 nM and 1 pM. In the presence of
MKKG®6, 1 nM dexamethasone weakly destabilized B-globin—
Cox2.5, whereas a 10 nM dose was as effective as the maximum
1 uM dose (Fig. 4). The ICs, for the regulation of mRNA
stability by dexamethasone was estimated to lie between 1 and
10 nM (Fig. 4C). Destabilization of a reporter mRNA by 100
nM dexamethasone was completely reversed by 1 uM RU486
(Fig. 5); therefore, dexamethasone exerts its effects through
the GR. All-trans-retinoic acid, a ligand for another member of
the nuclear hormone receptor superfamily, did not influence
reporter mRNA stability (data not shown). The regulation of
reporter mRNA stability mirrors the regulation of endogenous
gene expression, suggesting that this is a significant mechanism
for the control of Cox-2 gene expression.



774 LASA ET AL.
A.
MKK6
- - _Dex_
Tet (h)0.512 05612 0512
Globin-Cox1.4 - -

GAPDH& s wwsess s www -

Globin-Cox0. 1+

@ e
GAPDH® = == con s o 5o o o0

MoL. CELL. BIOL.

MKK6
ex

Tet (h)0.512 0512 0512
Globin-Cox0.6 - - -
GAPD

Hes oo i o o oo oo 0 o o o

o TS s

B. Globin-Cox1.4  Globin-Cox0.6 Globin-Cox0.1  Globin-Cox0.5

<
100+ ] 1 "
E —_ ] ] ] .TN
E g ]
S E
%3
o E | =~ control 1=o- control 1=o— control
e -+- MKK6 -o-MKK6 -o-MKK6
2 ~ 10_~--~-~ MKK6+Dex ~&- MKK6+Dex |-~ MKK6+Dex |-« MKK6+Dex
o o1 2 012 012 01 2
Tetracycline (h)
C.

AAGUCUAAUGAUCAUAUUUAUUUAUUUAUAUGAACCAUGUCUAUUAAUUUAAUUAUUUAA

UAAUAUUUAUAUUAAACUCCUUAUGUUACUUAACAUCUUCUGUAACAGAAGUCAGUACUCCUG

FIG. 3. Dexamethasone sensitivity is conferred by a short, AU-rich region of the Cox-2 3" UTR. Transfections and RNase protection assays
were performed as described in the legend to Fig 2, using the reporter constructs pTetBBB-Cox1.4, pTetBBB-Cox0.6, pTetBBB-Cox0.5, and
pTetBBB-Cox0.1. Dexamethasone (Dex) (1 wM) was added 22 h after the transfection, and tetracycline (Tet) was added after a further 2 h. (A)
Representative experiments. Only the B-globin reporter and GAPDH loading control are shown. (B) Graphical representation of the experiments
in panel A. Each transfection was performed at least twice, with qualitatively identical results. (C) Sequence of the 123-nucleotide p38-responsive
region of the Cox-2 3" UTR. AUUUA repeats are indicated by horizontal bars.

Dexamethasone exerts its effects at the level of MAPK p38.
The kinase MAPKAPK-2 is phosphorylated and activated by
p38. We previously showed that a constitutively active mutant
of MAPKAPK-2 stabilized a B-globin—Cox2.5 reporter mRNA
while two dominant negative mutants of MAPKAPK-2 inter-
fered with the stabilization of the transcript by MKK6 (31).
Regulation of mRNA stability by the p38 pathway is thus
mediated by the p38 substrate MAPKAPK-2. To further in-

TABLE 1. Half-lives of B-globin Cox-2 reporter mRNAs in the
presence of MKK6, dexamethasone, or SB203580¢

Half-life” of transcript (h)
Transcript

Control MKK6 MKK6+Dex MKK6+SB
B-globin—Cox2.5 1.16 2.00 1.08 1.32
B-globin—Cox1.4 1.24 2.06 1.29 1.07
B-globin—Cox0.6 1.02 2.24 1.31 1.15
B-globin—Cox0.1 1.26 4.16 1.65 1.64
B-globin—Cox0.5 NM¢ NM NM NM

“ Transfections, treatments, and RNase protection assays were essentially as
described in the legend to Fig. 2. SB203580 (1 wM) was added 30 min prior to
the addition of tetracycline, and dexamethasone (1 uM) was added 2 h prior to
the addition of tetracycline.

b Half-lives were calculated from plots of B-globin/GAPDH ratio against time.
The half-lives shown are from two representative experiments.

¢ NM, not measurable.

vestigate the mode of action of dexamethasone, B-globin—
Cox2.5 was stabilized by coexpression of a constitutively active
mutant of MAPKAPK-2. As reported, MKK6-dependent mRNA
stabilization was sensitive to both SB203580 and dexamethasone;
however, MAPKAPK2-dependent stabilization was sensitive to
neither drug (Fig. 6). Therefore the effects of dexamethasone are
proximal to p38 itself. The steroid must either reverse the activa-
tion of p38 or block this activation, even when the stimulus is
provided by a constitutively active upstream kinase.

Dexamethasone decreases both the phosphorylation and ac-
tivity of MAPK p38. To test the effects of dexamethasone on
the p38 pathway, HeLa-TO cells were transfected with a vector
expressing constitutively active MKK6 and then treated with
dexamethasone, and endogenous p38 enzyme activity was mea-
sured in immune complex kinase assays 2 h later. Kinase ac-
tivity was stimulated fivefold by MKK6 and inhibited in a
dose-dependent manner, with a maximum inhibition of ap-
proximately 60% in the presence of 1 pM dexamethasone (Fig.
7A). Half-maximal inhibition of p38 occurred at a dexameth-
asone concentration of approximately 10 nM. Similar results
were obtained following cotransfection of MKK6 with an
epitope-tagged p38 expression vector and immunoprecipita-
tion of the exogenous p38 (data not shown).

The effects of dexamethasone in a variety of cell lines or
primary cells stimulated with different p38-activating stimuli
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FIG. 4. The regulation of mRNA stability by dexamethasone is
dose dependent. Transfections and RNase protection assays were per-
formed as described in the legend to Fig 2, using the reporter construct
pTetBBB-Cox2.5. Dexamethasone (Dex) was added 22 h after the
transfection, and tetracycline (Tet) was added after a further 2 h. (A)
Representative experiment. Only the B-globin reporter and GAPDH
loading control are shown. (B) Graphical representation of the exper-
iment in panel A. Each transfection was performed at least twice, with
qualitatively identical results. (C) Approximate half-lives of B-globin—
Cox2.5 reporter mRNA in the presence of different concentrations of
dexamethasone.

were investigated. In HeLa-TO cells treated with UV light, in
another HeLa cell line stimulated with IL-1, or in RAW264.7
macrophages treated with bacterial lipopolysaccharide, the ac-
tivation of p38 was strong and was potently inhibited by 1 puM
dexamethasone. In these cells the activation of JNK was sim-
ilarly affected by dexamethasone (Fig.7B).

In human skin fibroblasts stimulated with IL-1, the activa-
tion of p38 was blocked by dexamethasone, while in human
peripheral blood lymphocytes stimulated with phorbol myris-
tate acetate (PMA) and ionomycin, the activation of p38 was
slightly augmented by dexamethasone (Fig. 7C). Inhibition of
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FIG. 5. The regulation of mRNA stability by dexamethasone is GR
mediated. Transfections and RNase protection assays were performed
as described in the legend to Fig 2, using the reporter construct pTet-
BBB-Cox0.1. Dexamethasone (Dex) (100 nM), alone or with RU486
(1 wM), was added 22 h after the transfection, and tetracycline (Tet)
was added after a further 2 h. (A) Representative experiment. Only the
B-globin reporter and GAPDH loading control are shown. (B) Graph-
ical representation of the experiment in panel A. Each transfection was
performed at least twice, with qualitatively identical results.

p38 activity in UV-stimulated HeLa-TO cells was dose depen-
dent, with an ICs, close to 10 nM, and was antagonized by
RU486 (Fig. 8A). Under the same conditions, phosphorylated
p38 could be detected using an antibody against the doubly
phosphorylated TGY activation motif. As measured by this
method, dexamethasone inhibited the phosphorylation of p38
but had no effect on p38 expression (Fig. 8B). The inhibition of
p38 phosphorylation was dose dependent and reversible by
RU486. In UV-stimulated HeLa-TO cells, phosphorylated
MKKG6 could also be detected using a phospho-specific anti-
body. This phosphorylation was unaffected by dexamethasone
(Fig. 8C), consistent with the hypothesis that the site of action
of dexamethasone is downstream of MKK6.

The down-regulation of p38 activity by dexamethasone is
delayed and requires ongoing transcription. To determine the
time dependence of the inhibitory activity of dexamethasone,
cells were stimulated with UV and harvested 30 min later for
assay of p38 activity (Fig. 9A). Dexamethasone was added to
these cells 30 min or 1 h prior to the stimulus, at the same time
as the stimulus, or 20 min after it (that is, 10 min before
harvesting). When present for 10 min prior to harvesting, dexa-
methasone weakly and rather inconsistently inhibited UV-
stimulated p38 activity. Longer incubation with dexametha-
sone resulted in gradually increasing inhibition. In comparison,
the inhibition of p38 activity by 1 pM SB203580 was more or



776 LASA ET AL.

MoL. CELL. BIOL.

A.
- MKK6 MAPKAPK-2 (Aspx3)
- SB Dex - B _Dex

Tet(h)0512 0512 0512 0512 05120512 0512
Globin-Cox2.5 - -

GAPDH® ““I“l“ --unmm - o
B. £ _

E 100:

£

It

g ' E

& E

> o '

o E

o ' -o-ﬁntrol o 1=o— control

Q™ ° — - MK2 (Aspx

£ -2 MkkE: B8, —= MK2+S

3 10 + ' -+ MK2+Dex

o 0051152 0051152

Tetracycline (h) Tetracycline (h)

FIG. 6. Dexamethasone exerts its effects at the level of MAPK p38. HeLa-TO cells were transfected with 50 ng of pGL3c, 20 ng of
pTetBBB-Cox2.5, and 100 ng of MKKG6 expression vector (left panel) or constitutively active MAPKAPK-2 (MK2 Aspx3) expression vector (right
panel). Dexamethasone (Dex) (1 wM) or SB203580 (SB) (1 wM) was added 22 h after the transfection, and tetracycline (Tet) was added after a
further 2 h. RNase protection assays were performed as described in the legend to Fig. 2. (A) Representative experiment. Only the B-globin
reporter and GAPDH loading control are shown. (B) Graphical representation of the experiment in panel A. Each transfection was performed

four times, with qualitatively identical results.

less complete and instantaneous, as expected for a low-molec-
ular-weight direct inhibitor (data not shown).

The somewhat gradual inhibition of p38 activity is consistent
with a requirement for dexamethasone-dependent gene ex-
pression. To determine whether de novo gene expression was
required for the action of dexamethasone, cells were stimu-
lated with UV in the absence or presence of the transcriptional
inhibitor actinomycin D and in the absence or presence of
dexamethasone (Fig. 9B). Actinomycin D weakly activated p38
on its own and slightly synergized with UV. The inhibition of
UV-stimulated p38 activity by dexamethasone was completely
blocked by actinomycin D, confirming that de novo gene ex-
pression is required for the action of dexamethasone.

The p38 pathway plays a dominant role in the regulation of
Cox-2 gene expression. In all of the kinase experiments de-
scribed above, JNK and p38 behaved almost identically (Fig.
7B and data not shown). To this point, studies of mRNA
stability regulation were performed with MKKG6, a specific
stimulus of the p38 pathway. To investigate the role of JNKs in
the control of Cox-2 mRNA turnover, endogenous Cox-2 gene
expression was induced by UV stimulation, which activated
both p38 and JNK pathways (Fig. 7B). Cells were pretreated
with 1 wM dexamethasone (which inhibits both p38 and JNK
[Fig. 7B]), with 1 pM SB203580 (which specifically inhibits
p38) (47), or with both drugs. Each drug inhibited Cox-2
mRNA induction, and no synergistic inhibition was observed
(Fig. 10A).

The B-globin—-Cox2.5 reporter mRNA was stabilized by UV
stimulation. Pretreatment of cells with 1 uM dexamethasone

or 1 pM SB203580 for 1 h prior to the tetracycline chase
antagonized this stabilization very similarly (Fig. 10B and C).
The rates of decay were almost identical in the presence of
either drug, although the levels of B-globin—-Cox2.5 mRNA at
the zero time points differed, reflecting the slightly delayed
action of dexamethasone. No additive effects on reporter
mRNA stability were observed in the presence of both drugs.
Therefore, although dexamethasone is an inhibitor of both p38
and JNK signal transduction pathways, the p38 pathway plays
a dominant role in the regulation of Cox-2 gene expression.

DISCUSSION

In common with other proinflammatory genes such as those
encoding tumor necrosis factor alpha IL-1, IL-6, IL-8 and
granulocyte-macrophage colony-stimulating factor, Cox-2 ex-
pression is regulated by both GCs (4, 11, 37, 38, 49) and the
MAPK p38 signal transduction cascade (14, 22, 30, 31, 33, 43,
46-48). Having used a tetracycline-regulated assay system to
characterize the regulation of Cox-2 mRNA stability by p38
(31), we used the same system to study the effects of a synthetic
GC, dexamethasone. Several lines of evidence suggested that
dexamethasone regulates Cox-2 gene expression by means of
inhibition of MAPK p38. First, the stability of reporter mRNAs
was sensitive to dexamethasone only in the presence of factors
or treatments which stimulated p38 activity. Second, a B-glo-
bin—-IL-8 reporter mRNA, which was previously shown to be
sensitive to p38 (61), was also found to be sensitive to dexa-
methasone. Third, dexamethasone sensitivity mapped to pre-
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FIG. 7. Dexamethasone decreases the activity of MAPK p38 and
JNK. (A) HeLa-TO cells in 10-cm dishes were mock transfected or
transfected with 0.5 wg of MKKG6 expression vector and were treated
with dexamethasone (Dex) as indicated 22 h later. After a further 2 h,
the cells were harvested and endogenous p38 activity was measured in
immune complex kinase assays. (B) HeLa-TO, HeLa, or RAW 264.7
cells were incubated for 2 h in the presence or absence of 1 pM
dexamethasone and then stimulated with UV radiation (40 J/m?), IL-1
(20 ng/ml), or lipopolysaccharide (LPS) (10 ng/ml), respectively. After
15 min (HeLa cells) or 30 min (HeLa-TO and RAW 264.7 cells), p38
MAPK activity (upper panel) or JNK activity (lower panel) was mea-
sured in immune complex assays. Fold activation compared to un-
stimulated cells is shown under each panel. (C) Primary human skin
fibroblasts (HSF) or elutriated human peripheral blood T cells were
incubated for 2 h in the presence or absence of 1 WM dexamethasone.
The fibroblasts were then stimulated for 15 min with IL-1 (20 ng/ml),
and the T cells were stimulated for 10 min with 50 ng of PMA per ml
and 5 pg of ionomycin per ml (P/I). Assays of p38 activity were as
described above.

cisely the same small region of the Cox-2 3'UTR shown to
mediate the regulation of stability by p38. Fourth, dexameth-
asone and SB203580 did not display additive or synergistic
effects on endogenous Cox-2 gene expression or reporter
mRNA stability. Fifth, the stabilization of B-globin—Cox2.5
mRNA by constitutively active MAPKAPK-2 was not sensitive
to dexamethasone, and so the GC cannot exert its effects at a
downstream level of the stabilization process, for example at
the level of RNA-protein interactions. If this were the case,
MKKG6-dependent and MAPKAPK-2-dependent stabilization
would be expected to be equally dexamethasone sensitive.

It was subsequently demonstrated that dexamethasone
down-regulated the activity but not the expression of p38 in
HeLa-TO cells. The activity of JNK was similarly down-regu-
lated by dexamethasone, as others have reported (7, 20, 56).
However the lack of additive effects of dexamethasone and
SB203580 on the expression of the endogenous Cox-2 gene or
the stability of B-globin—Cox-2 reporter mRNAs suggests that
the p38 pathway plays a dominant role in the regulation of
Cox-2 mRNA stability. Other investigators have concluded
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FIG. 8. Dexamethasone decreases both the phosphorylation and
activity of MAPK p38 in a dose-dependent manner. (A) HeLa-TO
cells were incubated in the absence or presence of the indicated con-
centrations of dexamethasone (Dex), alone or with 1 uM RU486.
After 2 h, the cells were UV stimulated and p38 MAPK activity was
measured in immune complex assays. Fold activation compared to
unstimulated cells is shown under the panel. The experiment was
performed twice, with qualitatively identical results. (B) Treatments
and stimulation of the cells were performed as described above. At 30
min after the UV stimulation, the cells were harvested and Western
blotting was performed using antibodies against phospho-p38 MAPK
(Pp38) or p38a MAPK (total p38). (C) HeLa-TO cells were pretreated
for 2 h with 100 nM dexamethasone and/or 1 pM RU486 as indicated
and then stimulated with UV. After 30 min, the cells were harvested
and Western blotting was performed using antibodies against phospho-
MKKG6 or total MKKG6.

that dexamethasone has no effect on p38 activity (20, 56), while
one recent publication described a modest inhibition of p38
activity (54) and another described the activation of p38 (65)
by dexamethasone. In primary human lymphocytes, dexameth-
asone slightly augmented the activation of p38 by PMA and
ionomycin (Fig. 7). These contrasting observations presumably
reflect cell-specific differences in the cross talk between the GC
and p38 signaling pathways.

Dexamethasone effectively destabilized B-globin—Cox-2 re-
porter transcripts at 1 to 10 nM concentrations, whereas the
ICs, for the inhibition of p38 activity appeared slightly higher
(approximately 10 nM). However, the dependence of reporter
mRNA stability on p38 activity is unknown and may be quite
complex. For example, the slight discrepancy of ICsys could
reflect stabilization of mRNA above a critical threshold of p38
activity.

Most importantly, these results establish that dexametha-
sone can block signaling events downstream of MKK®6, an
activator of p38 (12, 23, 44), and upstream of MAPKAPK-2, a
substrate and effector of p38 (16, 50). While the phosphoryla-
tion state of MKK6 was not sensitive to dexamethasone, the
inhibition of p38 activity was accompanied by a decrease in its
phosphorylation, as judged by Western blotting with phos-
phospecific antibodies. JNK activity was similarly affected by
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FIG. 9. The down-regulation of p38 activity by dexamethasone is
delayed and requires ongoing transcription. (A) HeLa-TO cells were
UV stimulated, and p38 activity was measured after 30 min, with or
without dexamethasone (Dex) treatment as shown. The times of ad-
dition of dexamethasone are indicated with respect to the UV stimulus
att = (. (B) HeLa-TO cells were incubated in the absence or presence
of actinomycin D (ActD; 5 pg/ml) 15 min before the addition of 1 pM
dexamethasone. After 2 h, cells were UV stimulated, and p38 MAPK
activity was measured in immune complex assays 30 min later. Fold
activation compared to unstimulated cells is shown under the panel.
Each experiment was performed twice, with qualitatively identical re-
sults.

dexamethasone. One hypothetical mechanism of action of
dexamethasone is the disruption of interactions between
MAPKSs and their upstream MKKs. JNK signaling cascades are
thought to be organized by scaffold proteins such as JNK
interacting protein (6, 18, 64). While little is known about the
organization of the p38 signaling cascade, there is no evidence
that the same scaffold proteins are involved. It is thus unclear
whether this hypothesis can account for the parallel inhibition
of p38 and JNK by dexamethasone. A second hypothesis is that
the activation of p38 and JNK is reversed by the action of
phosphatase(s). The activity of MAPK signaling pathways is
regulated by a large family of dual-specificity MAPK phospha-
tases (MKPs), some of which display substrate specificity for
members of the p38 and JNK families in vitro (8, 27). Several
of these MKPs are regulated at the level of gene expression or
activation. Since inhibition of p38 and JNK activity is delayed
and appears to depend on de novo gene expression, it is pos-
sible that the effects of dexamethasone are mediated by tran-
scriptional upregulation of an MKP or another p38/JNK-inac-
tivating phosphatase (57).

Multiple mechanisms are apparently employed by GCs to
negatively regulate the expression of proinflammatory genes
(36). Many of the same genes are also controlled by the p38
signal transduction cascade, which is activated by several proin-
flammatory stimuli (14, 31, 35, 47, 48, 60, 61). Although some
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FIG. 10. The p38 pathway plays a dominant role in the regulation
of Cox-2 gene expression. (A) HeLa-TO cells were incubated in the
absence or presence of 1 uM SB203580 (SB), 1 pM dexamethasone
(Dex), or both together for 1 h prior to UV stimulation. After a further
1 h, cells were harvested and RNase protection assays were performed
to quantify Cox-2 and GAPDH mRNAs. Mean Cox-2/GAPDH
mRNA ratios from a representative experiment are shown (with stan-
dard deviations, n = 4). (B) HeLa-TO cells were transfected as de-
scribed in the legend to Fig. 2, using the reporter construct pTetBBB-
Cox2.5. After 24 h, the cells were incubated with 1 wM dexamethasone,
1 uM SB203580, or both for 1 h and then stimulated with UV (40
J/m?). After a further 1 h, tetracycline (Tet) was added, the cells were
harvested at the time intervals shown, and RNase protection assays
were performed as described in the legend to Fig. 2. Only the B-globin
reporter and GAPDH loading control are shown. (C) Graphical rep-
resentation of the experiment in panel A. Each transfection was per-
formed three times, with qualitatively identical results.

phosphatases inactivate p38 in vitro, little is known about off-
mechanisms of the p38 cascade in vivo. It is possible that the
targeting of such off-mechanisms is an important means by
which GCs block or dampen proinflammatory responses. In
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future work, we aim to establish whether p38 dephosphoryla-
tion is involved in the destabilization of Cox-2 mRNA by dexa-
methasone and, if so, to identify the phosphatase(s) responsi-
ble.
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